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of
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by

Robert Sherman Detrick, Jr.
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Institute of Technology Joint Program in Oceanography on May 5, 1978
in partial fulfillment of the requirements for the degree of Doctor
of Philosophy .

ABSTRACT

This thesis consists of three papers examining problems related to
the crustal structure , isostasy and subsidence history of aseismic ridges
and mid—plate island chains. Analysis of gravity and bathymetry data
across the Ninetyeast and eastern Walvis Ridges indicates these features
are locally compensated by an overthickening of the oceanic crust. Maxi-
mum crustal thicknesses are 15—30 km. The western Walvis Ridge is also
compensated by crustal thickening ; however, the isostasy of this part of
the ridge is best explained by a plate model of compensation with elastic
plate thicknesses of 5—8 kin. These results are consistent with th e forma-
tion of the Ninetyeast and Walvis Ridges near spreading centers on young
lithosphere with flexural rigidities at least an order of magnitude less
than those typically determined from flexural studies in older parts of
the ocean basins . As the lithosphere cools and thickens , i ts  r i g i d i t y
increases , explaining the differences in isostasy between aseismic ridges
and mid—plate island chains. The long—term subsidence of aseismic ridges
and Island/seamount chains can also be explained entirely by lithospheric
cooling. Aseismic ridges form near ridge crests and subside at nearly
the same rate as normal oceanic crust. Mid—plate island chains subside
at slower rates because they are built on older crust. However , some
island chains have subsided faster than expected based on the age of the
surrounding sea floor , probably because of lithospheric thinning over mid—
p l a t e  hot , spots , like Hawaii. This lithospheric thinning model has major
imp l ications both for lithospheric and mantle convection studies as well
as the origin of continental rift systems.

Thesis Supervisor: C. M. Purdy
Title: Assistant Scientist

a
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CHAPTER 1

INTRODUCTION AND OVERVIEW

S
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The cooling and thickening of oceanic l i thosphere  as It  ages can

explain much of the regional ba thymetry  of the ocean basins .  However ,

this pattern of increasing depth wi th  age is in ter rupted  by seamount

chains , aseismic ridges and various pla teau—like  f e a t u r e s  tha t  stand

several kilometers shallower than the surrounding sea floor (Figure 1).

A few of these fea tures , such as Seychelles , Orphan Knoll and Rockall

Plateau, are clearly continental fragments isolated by rifting and sea

floor spreading ; however , most of these highland areas appear to be

oceanic and volcanic in origin. While various models have been pro-

posed to explain the origin of island/seamount chains and aseismic

ridges , there is increasing evidence that many of these features have

formed by the passage of the lithosphere over a hot spot or mantle plume

(Wilson , 1963; Morgan, 1972).

The hot spot model postulates that there are deep volcanic sources

in the mantle which create rising plumes of asthenospheric material.

These plumes may be fixed relative to the deep mantle (Morgan , 1972) , or

they may move relative to one another at rates on the order of that ob-

served for lithospheric plates (Molnar and Atwater , 1973). Material

associated with these rising plumes penetrates the lithosphere , resulting

in the formation of a volcanic center that remains nearly stationary

relative to the moving lithosphere. An aseismic ridge is built if the

volcanism is continuous and an island or seamoun t chain if the volcanism

i~ d iscontinuous. Generally aseismic ridges form from hot spots located

on or near spreading centers , while seamount chains form from hot spots

located o f f — r i d g e  (Wilson , 1973) .

I
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FIGURE 1

Physiographic map of the World ’s Oceans by B. C. Heezen and

M. Tharp showing location of aseismic ridges and mid—plate

island chains discussed in this thesis.
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This thesis is a collection of three papers examining problems re-

lated to the crustal structure , isostasy and subsidence history of aseis—

mic ridges and mid—p late island chains. The basic objectives of this

research are (a) to gain insight into the mechanical properties of the

lithosphere by studying the manner in which lithosphere of different ages

respond s to these volcanic loads; (b) to examine the effect of hot spots

on the thermal structure of the lithosphere by studying the subsidence

history of aseismic ridges and mid—plate island chains.

We find that the isostasy of aseismic ridges require plate rigidities

near spreading centers to be at least an order of magnitude less than

that typically determined for old (>80 m.y.) oceanic lithosphere. The

differences in isostasy between aseismic ridges and mid—plate island

chains can , thus , be largely explained by the increasing rigidity of the

lithosphere as it cools and thickens. The long—term subsidence of aseis—

mic ridges and island/seamount chains can also be explained entirely by

lithospheric cooling ; there is no evidence for significant viscoelastic

behavior of oceanic lithosphere . Aseismic ridges generally form near

ridge crests; consequently, they subside at nearly the same rate as

normal oceanic crust. Mid—plate island chains subside at slower rates

because they are built on older crust . However , some mid—plate Island

chains subside faster than expected based on the age of the surrounding

sea floor , probably because of lithospher ic thinning over mid—plate hot

spots.

* * *



Plate tectonics is based on a relatively simp le mechani ;tl model

[or the ou te r  l ayers  of t h e  E a r t h  in which a st r eny , . i i g i d  l ay e r  (1 i t h o ~-

sphere)  oven ies a weak l a y e r  ( a s t he no s p h e re )  . The t x i  ~L e i i c i  of t h t

as thenosph ere  can be i n f e r r e d  f r o m  the g r a v i t a t i o n a l  c o m p en s at i o n  of

surface loads. This compensation must be achieved by the 1atera~ flow

of material in a weak asthenospheric layer. A rigid lithosphere

is required in order to support large surface mass inequalities , like

mountain ranges , for many millions of years.

Stud ies of the response of the lithosphere to different surface

loads have provided much information on the structure , thickness and

rheology of the lithosphere . In the oceans these studies have been mad e

for seamounts (Watts et al., 1975), seamount chains (Walcott , 1970a ;

Watt s and Cochran , 1974) and at deep sea trenc hes (Hanks, 1971; Watts

and Taiwan i , 1974; Parsons and Molnar , 1976). In these situations the

oceanic lithosphere appears to respond to long—term (>10
6 
yrs) surface

loads as would a thin elastic plate overlying a weak fluid lav t r . The

equ ilibrium vertical disp lacement, w, of the lithosphere under a load P

is

DV~w + Apgw = P (Walcott , l970b)

where D is the flexural rigidity of the lithosphere and 
~p is the dif-

ference in densi ty between the displaced fluid (asthenosphere) and the

material above the plate infilling the deflection (water, sed iments ,

basalt ,etc.). The flexural rigidity of an elastic plate Is a measure

of its resistance to bend ing and is princ ipally determined by, T, the

p la te thickness (Walcott , 1970b) :

ET3
D = 

l2(l—ci~) 

~~ . . . -.-~~~-~~~~~~~~~~~_ _ _ _ _ _ _ _ _ _ _ _ _ _
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where E Is Young ’s modulus and ~ is Poisson ’s ratio . From these studies ,

the I l t ’x u r u l  rigidity of oceanic lithosp here has been estimated to f i l l

In t i i t  t an ge ‘ 1029 to dyn— em. These r i g id  I L i e s  correspond to

e f f e c t  i v e  e l a s t i c  p l a t e  thicknesses of 1.8 to 48 km. These t h i cknesses

are much  less than the  seismically determined thickness of the  l i t h o s p h e r e .

They represent , in essence, that part of the lithosphere that responds

e l a s t i c a l l y  to long—term (>106 yrs) surface loads.

Most of these flexural determinations have, however , been limited to

older parts (>80 my) of the oceanic lithosphere. There is increasing

evidenc e that the elastic properties of the lithosphere are temperature

dependent. For example, McKenzie and Bowin (1976) have treated the

irregularities of normal sea floor topography as a load created at a

spread ing center and have estimated a best fitting effective elastic

plate thickness of -40 km. This is considerably less than that typ ically

determined for loads on old oceanic crust. Watts (in pre s) has argued

th.it at temperatures above 450
0 

± 150
0 
C stresses in the lithosphere are

re l ieved by plastic flow. Thus the hot , young lithosphere near mid—ocean

ridges should be much weaker than the thicker and colder lithosphere in

older parts of the ocean basins.

This should have a profound effec t on the isostasy of ase ismic ridges,

which arc generally believed to form at or near spread ing centers. By

studying the isostasy of aseismic ridges we can obtain information on

the mechanical properties of young oceanic lithosphere. The isostasy

of aseismic ridges is, however , still poorly known. Refraction data from

aseismic ridges have been used to argue both for (Bott et al., 1971;

Goslin and Sibuet , 1975) and against (Francis and Raitt , 1967) crustal

th ickening , and even though there is general agreement that aseismic
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rid ges are compensated at depth , several differen t isosLatic models

(Airy , Prait or flexure) have been used to describe the manner in which

these ridges are supported (compare Bott et a l . ,  1971, with Bowin , l9fl ,

and Kogan , 1976).

In Chapter 2 we have investigated the crustal structure of two

prominent aseismic ridges , the Ninetyeast and Walvis Ridges , in or d e r

to p lace bet ter constraints on their deep crustal structure and isostasy .

In this stud y we have used linear transfer function t ech n iq u es  of

analyzing gravity and bathymetry data similar to those previously used

by McKenzie and Bowin (1976). This relativel y new method of ana l yzing

marine gravity data treats the free—air gravity and bathymetry data as

t ime series . Using cross—spectral techniques a transfer function (or

admittance) between gravity and bathymetry is compu ted,and this function

is used to examine the state of isostasy of features along the profiles

(see Append ix A). The advantage of these techniques is that they use

observa tional data and are not based on any particuiar model of isostasy.

The transfer func tions can , however , be interpreted in terms of di fferent

isostatic models (McKenzie and Bowin , 1976).

From thIs analysis of gravity and bathymetry across the Nine tv e.ist

and Walvis Ridges we draw the following conc lusions:

1) The Ninetyeast Ridge and the eastern Walvis Ridge are

locally compensated by an overthickening of the oceanic crust.

Maximum crustal thicknesses beneath these ridges are estimated

to be 15—30 km. The western Walvis Ridge is also compensated

by crustal thickening ; however , this part of the ridge is

regionally supported by a lithosphere with an effective elasti~

- .
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plate thickness of 5—8 km. This compares with elastic plate

thicknesses of 20—30 km typically determined around Hawaii

(Walcott , 1970; Watts and Cochran , 1974).

2) These results are consistent with the formation of the

Ninetyeast and Walvis Ridges near spreading centers on litho-

sphere that is thin and weak with little or no elastic strength.

The differences in isostasy and morphology between the eastern

and western Walvis Ridge are attributed to an off—axis shift

(rela tive to the Mid—Atlantic Ridge) of the “hot—spot ” forming

the Walvis Ridge beginning ~80 mybp.

3) Comparison of the wavelength and amplitude of gravity

anomalies across aseismic ridges and mid—plate island chains

ind icate that the rigidity of the lithosphere increases by

about an order of magnitude from .l028 to 1029 dyn—cm near

ridge crests to .l029 to 1030 dyn—cm for lithosphere 90—100 my

old . This increased rigidity is attributed entirely to the

cooling and thickening of the lithosphere as it becomes older.

* * *

The long—term subsidence of oceanic islands has been known since the

time of Darwin. Recent Deep Sea Drilling results from a number of dif-

ferent aseismic ridges indicate that these features have also experienced

a long history of subsidence (P1mm et al., 1974; VIncent et al., 1974;

Thiede, 1977). The simplest explanation for the widespread occurrence

of atolls and guyots and the subsidence of aseismic ridges is that these

features ride passively atop the underlying lithosphere and subside as
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t h i s  l i t hos p h e r e  cools and ru ~ e k e i s  . I n  Chap ter i th e  gee lu~ j f l ]  c v i  (len ’

f o r  . i se i smiu  r idge  subs idence  Is  reviewed i n  Lhe c a l f ex t  of t h i s  eimp le

mod el .  From th is  stud y we have concluded :

1) At least five major aseismic ridges— - the ~inetyeast Ridv~e ,

the Rio Grande  Rise , the Walvi s  Ridge , the  Chag o s— La ~ cadive  Rid ge

and the southeast  Mascarene P l a t e a u — — h a v e  formed a t  or close

to sea level and have since subsided at rates c o m p a r a b l e  to

that of normal oceanic crust . Other aseismic rid ges s u b  as

the Iceland—Faeroe Ridge and Broken Ridge have probably under—

gone a similar but more comp licated subsidence history.

2) This long— term subsidence of aseismic ridges can he ex-

plained entirely by the cooling and thickening of the litho—

spheric plate on which these ridges are built. Since most

aseismic ridges appear to have formed on very young lithosphere

near spreading centers , their rates of subsidence are comparable

to that of normal oceanic crust.

* * *

The l ong— term subsidence of island and seamount chains formed on

olde r crus t away from spread ing centers should also be attributable to

the cooling and thickening of the underlying lithosphere. That is ,

after an initial , relatively short period of rapid i s o s t a t i c  a d j u s t m e n t s ,

these islands should subside at the same rate as the surrounding sea

floor . The subsidence of western Pacific atolls and guyots has been

well, documen ted (Menard and Ladd , 1963); however , geo log ical evidence

from drilling on several of these atolls indicates t h e i r  long—term
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subsidence is much greater than this model would predict. In Chapter 4

these data are presented and several possible exp lanations for this excess

subsidence are discussed . We conclude:

1) ThIs excess subsidence cannot be explained by [sostatic

adjustments either to the weight of the volcano or the weight

of the coral reef cap. It also cannot be explained by visco—

elastic flexure of the underlying lithosphere.

2) This excess subsidence Is apparently related to island forma-

tion atop areas of anomalously shallow aea floor , such as the

Hawaiian swell , associated with mid—plate hot spots. As this

sea floor returns to its normal depth , the islands subside an

extra amount equal to the original height of the swell.

3) The Hawaiian swell is caused by lithospheric thinning over

the Hawaiian hot spot. Since the lithosphere is denser than

the asthenosphere , this thinning results in broad regional

isostatic uplift. As the lithosphere moves away from the hot

spot , It cools and thickens , and the swell disappears. The

subsidence of the Hawaiian swell and a number of western Pacific

atolls is in quantitative agreement with this model. The model

also satisfies gravity data over the Hawaiian swell which appear

to require compensation in the lower half of the lithosphere.

* * *



These th ree  s tudies  d e m o n s t r a t e  tha t the  t h e r i i i i ’l and  l i i i n j i a l

P~ ~~‘er t  tes of t h e  l i thosphere  1 arge l y de ter rn l no t he  s l a t e  of I austasv aid

s u h ’~ ulence h i  e t o r y  of both  aseismic r id ges and m i d — p  l a t e  In I .i inl  e l i a  u s .

A d d i L i o n a l s tud ies  of how l i t hosphere of var i o u s  ages responds to  these

and u t h er  volcanic  loads can prov~ de new I n s ig h t  I n to  the the rma l and

mec hanical evolution of the lithosphere. Perhaps the most exciting re-

sult of this work is the evidence found for lithospheric thinning over

the Hawaiian hot spot. This model , if correc t , has major  imp lications

both for lithospheric and mantle convection studies as well as the origin

of continental rift systems. It has also pointed out the  need for addi-

tiona l geophysical data on the origin of hot—spot related swel ls both in

the oceans (Hawaii, Cook—Austral , Iceland) and on the continents (East

African rifts, Rhine graben , Lake Baikal). Surface wave studies and the

analysis of long wavelength free—air gravity and geoldal height anomalies

probably offer the best hope of resolving the deep llthospher ic .,ir a ture

associated with these features.
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ABSTRACT

C r” s s— s p e c tr a l es t imat ion  techniques have been used to  a n a l y z e  t h e

relationship between gravi’y and bathymetry on 26 prof iles across the

Walvis and Ninetyeast Ridges. The resulting filters or transfer func t ions

have been used to study the state of isostasy at these rid ges . Transfer

functions for the eastern Walvis Ridge and the Ninetyeast Ridge prof iles

can be best explained by an Airy—type thickening of the crust beneath

these ridges . The crustal thicknesses required are In the raage 15 to

25 km , in good agreement with available seismic refraction data. The

transfer function for the western Walvis Ridge can be best explained by

a flexure model in which the oceanic lithosphere is treated as a t h i n

e las t ic  p la te  overly ing a weak fluid . The elastic plate thicknesses

required are 5 to 8 len. These plate thicknesses are substantially less

than those typically determined from flexural studies of loads on older

crust , but are similar to estimates determined for sea floor topography

it mid—ocean ridges. These observations are consistent with the forma—

t ion  of aseismic ridges near spreading centers on lithosphere that is

yo ung ,  thin and relatively weak. The differences in isostasy between

the eastern and western Walvis Ridge are attributed to an off—axis shift

relative to the South Atlantic spreading center of the “hot spot ” f o r m ing

the Walvis Ridge about 80 m.y.B.P. These observations suggest tha t the

Isostatic parameters determined for these aseisniic ridges were “frozen

in” at the t ime of their formation at or near a spreading center and

have not significantly changed through time.
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INTRODUCTI ON

Scattered throughout the ocean basins are various ridge and plateau-

l i l . & teatures tha t stand 2— 3 len shallower than the surrounding sea floor.

Some at these features such as Jan Mayen Ridge , Seychelles and Ro kall

l ’ I a t e i u  are clearly cont inental in structure and probably were isolated

by the processes of rifting and sea floor spreading . More difficult to

explain are features such as the Ninetyeast Ridge , the Walvis Ridge or

the Rio Grande Rise , which are composed mainly of basaltic (volcanic)

rock,. These ridges , which are noticeably free of earthquake activity,

have been called aseismic ridges (Laughton et al., 1970). While various

models have been proposed for the origin of aseismic ridges , there is

incre asing evidence that many aseismic ridges have formed from “hot spots”

centered on or near a mid—ocean ridge (Wilson , 1963; Morgan , 1971).

Deep Sea Drilling results from aseistnic ridges have confirmed their

volcanic nature and have demonstrated that basement ages along many

aseismic ridges vary systematically along their length and are approximately

the  same as the surrounding sea floor (von der Borch , C. C., Scla ter , J. G.,

et a l .,  1974; Davies , T. A., Luyendyk, B. P., 1974; Perch—Nielson , K.,

Supko , P. R., et al., 1975; Bolli, H. M., Ryan, W. B. F., et al., 1975).

Sediments recovered from aseismic ridges indicate they have experienced

a long history of subsidence. The oldest sediments indicate shallow water ,

even subaerial conditions , followed by progressively deeper water and more

open marine depositional environments (Pimm et al., 1974; Vincent et al.,

1974; Thiede, 1977). The rates of subsidence are similar to that of

normal oceanic crust (Detrick et al., 1977).
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FIGURE 1

Summary of published seismic refraction data from aseismic

ridges. Also shown for reference is a typical oceanic crustal

sec t ion and an interpretation of the crustal structure be-

neath Iceland . Velocities are in km/nec ; parentheses indicate

unreversed velocities ; asterisks indicate assumed velocities.

- . - - - - - - - - . - - - --~~-------~~-- — - . - -~~~



~~1 0
C,.) U~) 

C.’J

csJ

- - : :- H
Q#~i~,,~Oq~i 

~~ ~ I 
• .~ : - -~~~;-~ 

I - :~I - .
~~~~~~~~~~~~~~~~~~ 

~ k/~ ~~~~~ 
ii~ ~JJjj~- 

~~~~

•

~~ r*~v / ~\\~
-1 ‘/O, ____________________________

6~~1~~~~~~~~~ 
~ /;~ - 

~ I ~
j~\~~\;: \~~~

I4/QD,
bO 

~~
—S/ 

-. ~~~~ ~~ :

~ L~ ~ I ~~‘0‘4”4:~ p~ I~I ~ I ~~~6’.

~~~~~ 

~ ~~~~~~~ ~~ I ~ 1
~~~~~~~~~~~~~~ I

-J I’, 9
C’)

(V~)I) Hid3~



35

The deep crustal structure of aseismic ridges, however, remains

poorly known despite a number of seismic refraction experiments (Figure 1).

Mantle—type velocities have only been identified beneath three aseismic

ridges , the Chagos—Laccadive Ridge, the Iceland—Faeroe Ridge and the

Nazca Ridge. Only one of these velocities (Nazca Ridge) was a reversed

determination . Deep refraction data are unavailable from many aseismic

ridges including the Walvis Ridge, the Rio Grande Rise and the Cocos and

Carnegie Ridges. Even where refraction data are available the results

show considerable variability, especially in shallow crustal structure

(Figure 1). Francis and Shor (1966) reported “Moho” beneath the Chagos—

Laccadive Ridge at depths of about 17 tan. Similar mantle depths have

been reported beneath the Iceland—Faeroe Ridge (16—18 kin) by Bott et al.

(1971) and the Nazca Ridge (16 km) by Cutler (1977). Since the depth to

“Moho” in normal oceanic crust is 9—11 kin, these studies indicate crustal

thickening of 8—lO kin beneath aseismic ridges. However , Francis and

Raitt (1967) argued against crustal thickening beneath the Ninetyeast

Ridge. They interpreted their refraction data as indicating about the

same crustal thickness beneath the ridge as in the adjacent Wharton Basin

and suggested the Ninetyeast Ridge was a horst—type structure underlain

by low—velocity (7.1 km/sec) mantle material .

Because of the lack of reliable deep refraction data from many

aseism ic ridges, most information on their deep crustal structure has been

inferred from gravity studies. Free—air gravity anomalies over aseisinic

ridges are generally small in amplitude indicating that the ridges are in

approx imate isostatic equilibrium . Bott et al. (1971) f ound , f or example ,

that the small free—air gravity high (-20 mgal) over the tceland—Faeroe

-~~
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Ridge could be best explained by an Ai ry—type  thickening of the  c r u s t .

The amount of thickening deduced was about 8 kin, in general agreement

with seismic refraction results. Goslin and Sibuet (1975) and Kogan

(in preparation) have interpreted gravity data over the Walvis Ridge

also in terms of a thickening of the crust. The main difference in

these studies is the model of isostasy which is preferred . Goslin and

Sibuet (1975) found their gravity data could be best explained by an

Airy—type model of local compensation, while Kogan (in preparation)

preferred a regional compensation model for the ridge. The amount of

crustal thickening deduced was about 10—15 km for the Airy model and

about 7—10 kin for the regional (flexural) case. However , Bowin (1973)

suggested a different compensation mechanism for the Ninetyeast Ridge.

He proposed a Pratt—type model of compensation in which the ridge is

supported by an emplacement of gabbro and serpentinized peridotite be-

neath normal crustal layers rather than by a thickening of the crust.

In his preferred model (Bowin, 1973; Figure 7), the thickness of the

layers of normal crust beneath the ridge is about the same (or slightly

less) than in the adjacent ocean basin and intermediate density tLlaterial

(gabbro and serpentinized peridotite) extends to depths of about 25 km.

These previous seismic refraction and gravity studies suggest a

number of outstanding problems . They include: (1) the overall struc-

ture of aseismic ridges and whether or not the cru8t is thicker beneath

the ridges than in the adjacent ocean basins, (2) the state of isostasy

of the ridges and whether or not an Airy , Pratt or flexure model best

describ~~ the manner in which the ridges are supported and (3) the origin

of the ridges and whether or not they formed near mid—ocean ridge crests.



A useful approach to these problems can be made by using linear

transfer [unction techniques of analyzing gravity and bathytnetry lato ,

~1m i la r to those previousl y used by Lewis and Dorman (1970), D ’rma n m d

Lewis (1970) and McKenzie and Bowin (1976). These techniques examine

the relationship of gravity and bathymetry as a function of wavelength.

The resu l t ing  t r a n s f e r  func t ion  (or admittance) contains information on

the mechanism of isostasy.  The advantage of these techniques is that

they use observational data and are not based on any p a r t i c u l a r  model of

isostasy. The transfer function can , however , be interpre ted in terms

of d ifferent isostatic models and may in some cases be used to distinguish

between them.

The purpose of this paper is to apply linear transfer function tech-

niques to the study of isostasy at aseismic ridges. One limitation of

many previous studies is that the transfer functions have been calculated

over rather broad regions comprising different tectonic provinces. There-

fore we have used a modification of the techniques previously described

by Dorman and Lewis (1970), Lewis and Dorman (1970) and McKenzie and

Bowin (1976) designed to study isostasy over a single two—dimensional

geological feature. This method , which has been presented by Watts (in

preparation), differs from these earlier techniques in that cross—spectra l

rather than Wiener filtering techniques are used to compute the transfer

function and in that many profiles of gravity and bathyinetry over the sante

geological feature are used to obtain smooth spectral estimates . The

three main objectives of this work are (1) to determine the transfer

function which describes the relationship between gravity and bathymetry

over asejginic ridges , (2) t~ interpret this transfer function in terms of
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various isostatic models and (3) to use the preferred model of isostasy

to provide new constraints on the origin of aseismic ridges.

DATA SOURCES AND ACCURACY

in this study we have used 26 gravity and bathyinetry profiles across

two prominent aseismic ridges, the Walvis Ridge in the eastern South

Atlan t i c  and the Ninetyeast Ridge in the Indian Ocean . These rid ges

were chosen primarily because of the large amount of available gravity

da ta .  Most of the data used in this study have not been previously pub—

lished .

The ship ’s tracks along which these data were collected are shown in

Figures 2 and 4. The data sources and information on instruments and

navigation are presented in Table 1. The overall accuracy of the gravity

measurements depends on the type of instrument and navigation used . Generally

the accuracy is estimated to be 2 to 5 mgal for the Gss2 sea gravimeter

and the vibrating—string gravimeter when used with satellite navigation.

Somewhat larger errors are expected for those data collected using celestial

navigation. The gravity anomalies were reduced to the International Ref-

erence Ellipsoid (flattening = 1/297.0); however , the choice of a reference

ellips oid is not important since the mean and trend were removed before

t he  data were Fourier transformed .

DATA DESCRIPTION

N i n e t y c a s t  Ridge

The Ninetyeast Ridge (Figure 2) is a remarkably linear , 5000 km long

i seismic ridge striking approximately NNE along the 90th merid ian from
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FIGURE 2

Location of free—air gravity anomaly and bathymetry profiles

across  the N inetyeast  Rid ge used in this study. The thin lines

indicate the actual ship track while thick lines represent

the projected profiles. Magnetic anomalies (dots) and fracture

zones (long dashes) after Sciater and Fisher (1974), Sciater

and others (1976) and Pierce (1977). The bathyinetry is based

on a map by Sciater and FIsher (1974).
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about 31°S unt i l  it is buried by the sed iments of the Bengal Fan near

9°N. Sciater and Fisher (1974) found that the crust east of the ridge

becomes older to the south while the crust west of the ridge becomes

older to the north. The ages of the oldest sediments recovered at

DSDP sites on the ridge increase from Oligocene (22.5 to 37.5 m.y.) at

Site 254 (Davies, T. A., Luyendyk, B. P., et al., 1974) to Campanian

(71 to 82 m.y.) at Site 217 (von der Borch, C. C-, Sciater, J. G.,

et al., 1974) indicating that the Ninetyeast Ridge also progressively

increases in age to the north. These ages are similar to oceanic crust

to the west, suggesting the Ninetyeast Ridge has always been part of

the Indian plate (Sclater and Fisher, 1974).

The 14 gravity and bathymetry profiles across the Ninetyeast Ridge

used in this study are shown in Figure 3. These profiles illustrate the

asymmetric , blocky nature of the Ninetyeast Ridge. It is typically

200—300 km wide and averages about 2 Ion shallower than the surrounding

sea floor. Sediment cover on the ridge is patchy with locally thick

accumulations of sediment; however , steeper slopes are almost sediment

free. A positive free—air gravity anomaly is associated with the ridge.

It is small in amplitude, generally not exceeding 75 mgal peak to peak ,

indicating that the ridge is compensated at depth (Bowin, 1973).

Large , steep scarpa are common on many profiles suggesting that block

faulting has contributed to the formation of ridge topography. Several

of these scarps have relief in excess of 2000 m . While the steepest ,

largest scarpa often occur on the eastern flank of the ridge (Profiles

90E—2 , 90E—4, 90E—ll , 90E—13, 90E—14, Figure 3), it is almost equally

common for the largest scarps to occur on the western ridge flank (Profiles

90E—l, 90E—3 , 90E—8, 90E—lO and 90E—12 , Figure 3). On some profiles there
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FIGURE 3

Projected free—air gravity anomaly and bathymetry profiles

.~tcross the Ninetyeast Ridge. Location of profiles shown in

Figure 2. Acoustic basement indicated by shading where seismic

reflection data are available.
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is little or no indication of large scale faulting (Profiles 90E—5 ,

90E—6 , Figure 3), an observation which led Bowin (1973) to suggest that

block faulting was only a secondary process in fo rming  the  r idge topograph y .

Walvis Ridge

The Walvis Ridge extend s WSW some 2800 km f rom the  South  West A f r i c a n

continental margin to the Mid—Atlantic Ridge near Tristan da Cunha and

Gough Islands (Figure 4). The eastern part of the Walvis Ridge (east of

3°E) has a continuous block—like structure with several distinct segments

trending at nearly right angles. Further vest the ridge develops into

two branches , one trending N—S and the other trending NE—SW , both composed

of individual seamounts, guyots or short elongate ridges. The N—S trending

branch disappears near 34°S; however , the other branch continues WSW to the

eastern flank of the Mid—Atlantic Ridge.

The location of the 12 gravity and bathymetry profiles from the

Walvis Ridge used in this study are shown in Figure 4. Profiles 1—5 cross

a 400 km long , continuous N—S trending segment of the eastern Walvis Ridge

located near 6°E. These profiles, shown in Figure 5, indica te this par t

of the Walvis Ridge has an asymmetric blocky cross—section remarkably

similar to the Ninetyeast Ridge. It is typically 200—300 km wide with a

steep eastern flank and a gentler , sediment—covered western flank. Evi-

dence for large scale block faulting is common on many profiles . Like ~he

Ninetyeast Ridge, this part of the Walvis Ridge is associated with only

a small positive free—air gravity anomaly, generally not exceed ing 75 mga l

in amplitude. This gravity high is flanked by smaller amplitude gravity

lows (~25 mgal) which return to near zero values within 50 to 100 km of

the ridge axis.
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FIGURE 4

Location of free—air gravity anomaly and bathyinetry profiles

across  the Walvis Ridge used in this study. The thin lines

ind icate the actual ship track while thick lines represent

projected profiles. Magnetic anomalies (dots) and fracture

Zone s  (long dashes) after Ladd (1974) and Rabinowitz and

LaBreque (In press) . The ba thymetry  is based on a map by

t J c h I l p l  and Hays (1978).
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FIGURE 5

Projected free—air gravity anomaly and bathymetry profiles

across the Walvis Ridge . Location of profiles shown in Figure

4. Acoustic basement indicated by shading where seismic re-

flection data available .
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Prof iles WAL—6 and WAL—7 (Figure 5) cross the central Walvis Ridge

near 27°S. The ridge in this area is similar in morphology to the ridge

farther east , although it is slightly deeper and more symmetric in

cross—section . West of 3°E the Walvis Ridge develops into two seamount

and guyot chains. The easterly branch is the more prominent with

rounded or elongate peaks often rising to depths of less than 1000 m

while the western branch is composed mostly of isolated seamounts and

guyots (Connary , 1972; Dingle and Simpson , 1976). Profiles WAL—8 to

WAL— 12 all cross the western Walvis Ridge; however , most of the profiles

are located between 300 and 34°S near where the ridge blfurcates. One

striking feature of these crossings is the much higher amplitude free—

:iir gravity anomalies associated with the ridge in this area . These anom-

alies are generally 100—150 mgal peak to peak or about twice the typical

amplitude of anomalies over the eastern Walvis Ridge.

DATA ANALYSIS

The basic computational procedure involved in applying transfer

function techniques to these data has been discussed by McKenzie and

Bow in (1976) and Watts (in preparation) and will only be briefly summarized

here.

We wish to ob ta in  a f i l t e r  wh ich when applied to an observed bathyinetry

pr o l i l e converts it to a series which resembles the observed gravity.

T}ic wavenumber (or frequency) domain representation of this filter is the

complex admittance Z(k ) defined simply as

C(k )
Z(k ) = R ( k ) (1)

-4
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where  G ( k ) and B ( k
n

) are the  d i s c r e t e  Fourier  t r a n s f o r m s  of the g r a v i t y

and bathymetry and k is the wavenumber (k 2ir/A). In the presence of

noi’;e a better estimate of the admittance is given (McKenzie and Bowin ,

1 9 7 6)  by

C(k ) - B(k )*
/ ‘ 2= 

B(k ) B(k )*n n

where * ind icates the complex conjugate. In th is  case the admi t t ance  is

t h e  cross spectrum of gravity and bathymetry divided by the power spectrum

of the  ba thymet ry .  In order to reduce the noise in this estimate of the

admittance some form of spectral smoothing is required . In this study the

smoothing has been accomplished by using many profiles over the same geo-

logical feature. Each profile represents an independent estimate of the

cr oss spec trum and power spec trum of gravity and bathymetry . These spectra

are summed and the resulting averaged spectra used to obtain a single

admittance function for the feature. This admittance is based completely

on the observed relationship between gravity and bathymetry and is not

tied to any particular isostatic model. However , it can eas ily be compared

with isostatic models based on different compensation mechanisms (McKenzie

and Bowin, 1976).

The Ninetyeast Ridge and the Walvis Ridge were treated as separate

data sets. Each gravity and bathymetry profile was projected normal to

the local trend of the ridge and interpolated at a 2.3 km interval. The

profiles extended 300 km on either side of the ridge axis; shorter profiles

were extended out to this length in order to be included in the study.

Both mean and trend were removed and a cosine bell taper applied to the

first and last 5% of each profile before the time series were Fourier
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transformed . These prof i les  were then used to caLcu la te  the complex ad-

mittance Z(k ) for each ridge using the spectral smoothing techn i ques

outlined above .

The calculated admittance functions (amplitude and phase) are plot-

ted against wavenumber in Figure 6 for the Nlnetyeast Ridge and Figure 7

for the Walvis Ridge. Also plotted is the coherence y2 (k). The coherence

is a measure of that portion of the observed gravity that cali be directly

attributed to the bathyiuetry. An estimate of the coherence is given (Monk

and Cartwright , 1966) by

= (N(cc*/E
G
E
B
)_1)/(N_l) (3)

where c = c(k ) is the complex cross spectrum of gravity and bathymetry,

E
G 

and E
B 
are Lne power spectra of gravity and bathymetry respectively

and N is the total number of profiles . The coherence is high (y 2>0.5)

for wavelengths longer than about 20 kin reflecting the fact that a significant

portion of the energy in the observed gravity can be attributed to the

bathymetry. -

The admittance phase , ~~k ) ,  is close to zero for A>20 km imply ing

that the admittance at these wavelengths is real. The relative smoothness

of the log
10 ad&ittance curve for A>20 kin is evidence that the same signal

was present in each profi e and that the smoothing procedure satisfactorily

reduces noise. The log
10 admittance curve peaks at wavelengths of about

100 km and decreases linearly to wavelengths of 10—20 kin . This reflects

the increasing attenuation of the gravity signal from short wavelength

topography . The decrease in the amplitude of the admittance at long

wavelengths reflects the effects of isostatic compensation .
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FIGURE 6

The coherence , log10 admittance amplitude, admittance phase ,

and filter generated from the gravity and bathymetry profiles

shown in Figures 2 and 3 from the Ninetyeast Ridge .

-t
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FIGURE 7

The coherence , log 10 admi ttance amplitude , admittance phase ,

and filter generated from the gravity and hathymetry profiles

shown in FIgure 6 and 5 from the Walvis Ridge.
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Also shown in Figures 6 and 7 are the filters obtained by inverse

Fourier transforming the complex admittance. These filters can be con-

sidered as impulse response func tions representing the gravity el l ec t ol

a line load . The negative side lobes , most obvious for the Walvis Ridge

filter (Figure 7), reflect the effects of isostatic compensation . Th-

extent to which these filters can reproduce the observed gravity anomalies

is shown in Figure 8 and 9. The “filtered topography” prof iles in these

figures were obtained by convolving the filter with the observed bathyinetry.

The “predic ted” and observed gravity anomalies generally compare well.

The mean variance between predicted and observed anomalies is ~8.9 mga l

for the fourteen Ninetyeast Ridge profiles and ±9.6 mgal for the twelve

Walvis Ridge profiles .

The largest discrepanc ies between predicted and observed anomalies are

associated with locally thick sediment accumulations masking the true base-

ment relief on the ridge or in the adjacent ocean basins (for example ,

90E—9 and WAL—5). The Ninetyeast Ridge filter is also unable to explain

completely the large amplitude free—air gravity anomalies associated with

rugged topography east of ridge between 12°S and 26°S (90E—10 through

90E—14). This topography is probably the trace of the old Ninetyeast

transform fault (Bowin , 1973) and unusual crustal mass distributions

associated with this fracture zone may be responsible for the large gravity

anomalies. The Walvis Ridge filter does a generally good job of pre-

dicting the shape and amplitude of gravity anomalies across the ridge;

however , it cannot explain the large amplitude anomaly associated with

the seamount at the eastern end of profile WAL—1. This feature , known

as Ewing seamount , is located about 150 lan east of the main Walvis Ridge

(Figure 4) and its origin is probably unrelated to the ridge.



FIGURE 8

“Observed ” bathymetry , filtered bathymetry, “observed ” gravily

and difference gravity for the fourteen profiles from the

N l n € -t y e a s t  Ridge . The “observed ” gravi ty  and b a t hy -m e t r y  p ro—

f i l e s  are the observed profi les  in Figure 3 w i t h  t h e i r  mean and

trend removed . The mean removed is indicated to the right of

each g rav i ty  and bath ymetry p ro f i l e . Prof i les  shorter  than

600 km have been extended to this length. The filtered bathymetry

was produced by convolving the filter in Figure 6 with each

“observed” bathymetry profile. The difference gravity prof l ie

i s  the difference between “observed ” gravity and filtered

b~ thymetry and represents that part of the gravity field which

the filter cannot explain . Number to right of difference

gravity is RNS residual between “observed” gravity and filtered

hathymetry.
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FIGURE 9

“Observed ” bathymetry , filtered bathymetry , “observed” gravity

and difference gravity for the twelve profiles from the Walvis

Ridge. Caption is as described in Figure 8 except that filter

convolved with “observed” b~thymetry was, in this case , the

filter shown in Figure 7.
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The observed adm ittance values (Figure 6, 7) only contain iaf rm~ ti e~

on the overall state of isostasy along each ridge. Any c hanges in isostasv

between different parts of the ridges will be smoothed out by the spectral

averag ing process. Major morpholog ical differences exist between t h e

eastern and western Walvis Ridge. Free—air gravity anomalies over rh ~-

western Walvis Ridge are also about twice as large as those over tIfl-

eastern part of the ridge. The Walvis Ridge filter , being averaged over

all twelve profiles , is unable to predict completely the large amplitud e

of these gravity anomalies (profiles 9—12 in Figure 7). In order to e v i l u a t e

whether or not significant differences exist in the state of isost isv

ot these two parts of Walvis Ridge , we have divid ed the ridge into two

separate data sets: the eastern Walvis Ridge (profiles 1—7 in Figures /4

and 5) and the western Walvis Ridge (profiles 8—12). Separate admit lance

functions were computed from these two sets of profiles and t hey  ire used

in the subsequent analysis (see Figure 11).

ISOSTATIC MODELS

The decrease in amplitude of the admittance (Figures 6, 7) at long

wavelengths (A>lOO kin) reflects the fact that both the Ninetyeast and

Walvis Ridges are in approximate isostatic equilibrium . The mechanism of

isostasy can be investigated by comparing the observed admittance values

with theoretical curves calculated for various isostatic models.

Several refraction and gravity studies from aseismic rid ges suggest

an Airy—type model of crustal thickening . The admittance for an Airy model

of compensation is given by the sum of the Fourier transforms of two

sinusoidal density layers , one representing the sea floor topography and
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one representing the base of the compensating mass (McKenzie and Bowin ,

1976). The resulting admittance is

Z(k ) = 27TG(p2
_l.03)e T~~(l_ e

_kh1t) (4)

where p
2 

is the density of the crustal layer , d Is the mean water depth

and t is the average Airy crustal thickness.

While this and other local compensation schemes have often been sug-

gested for aseismic ridges, Kogan (in preparation) preferred a regional

Isostasy model for the western Walvis Ridge like those used to explain

gravity anomalies across the Hawaiian—Emperor seamount chain (Gunn , 1943;

Walcott , 1970; Watts and Cochran, 1974). McKenzie and Bowin (1976) also

found that a plate model of compensation best fit the observed admittance

values calculated for a 6000 km long profile which crossed the eastern

part of the Walvis Ridge (WAL—3 is part of this profile). In these flexural

or plate models the sea floor topography is treated as a load to which

the lithosphere respond s as would a thin elastic sheet overlying a weak

fluid layer. An important parameter in these models is the flexural

rigidity which is a measure of the stiffness of the lithosphere. The

I lexural rigidity determines both the amplitude and wavelength of flexure

due to a surface load. En the ocean these rigidities have been estimated

to range from about io28 
dyn—cm for mid—ocean ridge topography (McKenzie

and Bowin , 1976; Cochran and Watts, in preparation) to 1030 or 1031 dyn—cm

for loads on old (>80 m.y.) lithosphere (Walcott , 1970; Watts and Cochran ,

1974). SInce the flexural rigidity is determined mainly by the plate

thickness, these ranges imply effective elastic plate thicknesses oi 5—40

kin for the oceanic lithosphere.
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TABLE 2

SUl~’1ARY OF PARAMETERS ASSUMED IN MODEL COMPUTATIONS

t
2 

(layer 2 thickness) = 2 km

t (mean thickness of oceanic crust) = 5 km

~ 2 
(density of topography) 2.7 gm cm 3 

Walvis Ridge

2.5 gm cm Ninetyeast Ridge

ID
3 

(density of layer 3) = 2.9 g cm
3

p
53 

(density of mantle) 3.4 g cm
3

d (mean water depth) = 4.0 km

E (Young ’s Modulus) 10
12 

dyn cm 2

0
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The admittance for a plate model of compensation has been derived by

McKenzie and Bowin (1976). In this study we have used a slightly dif-

ferent expression in which another density contrast is introduced within

the crust corresponding to the Layer 2/Layer 3 transition . The resulting

admittance (Watts, in preparation) is then

Z(k ) = 2lrG(p
2
_l.03)e

dC1_ (e
_

~~
t2(p

3
_p

2
)+e kt1tc(p

m
_p

3
))

/ ( ( P
m
_P

2
)+4(P

m
_l
~

03)Mk
~
2AB

~ 
)}

where t
2 
is the thickness of Layer 2; t the mean thickness of the crust;

p
3 the density of Layer 3, ~m 

the density of the upper mantle; M = E / 3 g h (p  — 1.0 3)

where E is Young ’s Modulus and the plate thickness is 2h; k = kh;

A = ((sinh 2k )/2k’}2—l and B {(Sinh 4V)/4k’}2+l.

Calculdted admittance curves for both the Airy and the plate models

of compensation for various crustal and elastic p late thicknesses are shown

in Figures 10 and 11. The model parameters -used are giren in Table 2. The

main difference between these two compensation models occurs at long wave-

lengths (X>lOO kin); for shorter wavelengths both models asymptotically

approach a line representing uncompensated topography .

The Airy model is a good fit to the observed admittance values from

the Ninetyeast Ridge . The data fall between T
c 

= 10km and T = 30km with

a best fitting crustal thickness of about 15—20 km. The Airy model is

also a satisfactory fit for the eastern Walvis Ridge (open triang les in

Figure 11). The best fitting crustal thicknesses are in the range 10— 20

kin , which is not significantly different from the Ninetyeast Ridge results.

In both cases the plate model is a poor fit , particularl y at 1mg wave—

lengths.

These Airy crustal thicknesses reflect the thickness of the crust

beneath the aseismic ridge and are not an “average” of the crustal thickness
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FIGURE 10

Observed admittance values (solid dots) for Ninetyeast Ridge

pl otted against wavenumber . Vertical bars are standard error

estimates computed from the coherence assuming a normal prob-

ability distribution for the ratio of true/sample admittance

(Munk and Cartwright , 1966). The solid lines Indicate theoreti—

cal admittance curves based on Airy and plate models of isos tasy.

The theoretical models are based on the parameters summarized

in Table 2 and the assumed values of crustal thickness T or
C

elastic plate thickness T
e 
shown .

-
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F I GU R E  11

Open triangles are admittance values computed for profiles

WAL—1 thr ough WAI.—7 from the eastern Walvis Ridge and so l id

triangles are admittance values computed for profiles WAL—8

throug h WAL—12 from western Walvis Ridge . Otherwise caption

is same as in Figure 10.
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along the entire profile. This is because most of the power in the ob-

served gravity and bathyinetry is associated with the rid ge and it s Corn—

peiisating root. The best fitting Airy crustal thickness , TC , Is actually

a measure of the difference in mean depth of the princ ipal mass excess ,

the ridge , and the principal mass deficit , the compensating mass (Figure

12). This thickness is less than the true crustal thickness , T, beneath

the ridge which is
AZ1

T — —i— { i + (P2 1 03)/(Pm Pc )} + Tc (6)

where AZ1 is the average height of the ridge above the surrounding sea

floor . Our results thus indicate actual crustal thicknesses beneath the

Ninetyeast and eastern Walvis Ridges of 15—25 km. These thicknesses are

significantly greater than that expected for normal oceanic crust , but

are within the range of crustal thickening inferred from available seismic

refraction studies of aseismic ridges (Figure 1). Here we have assumed

that mantle densities beneath aseismic ridges are the same as In the ad-

jacent ocean basins. If mantle densities are lower beneath aseisniic

rid ges, this will partly compensate the ridge, and the actual amount of

crustal thickening will be slightly less than that inferred using these

methods.

While an Airy compensation model appears to be a realistic isottatic

model for the Ninetyeast Ridge and the eastern part of the Walvis Ridge ,

it does not fit the observed admittance values from the western Walvis

Ridge (solid triangles in Figure 11). At long wavelengths , where the

effects of different isostatic models are moat pronounced , the observed

admittance increases much faster than would be expected from any Airy—

type model of local compensation. In order to fit the peak admittance

values crustal thicknesses in excess of 30 km are required . Although no

deep seismic refract ion data are available for the western Walvis Ridge ,

this amount of crustal  thickening seems unreal is t ical ly large. In



FIGURE 12

Comparison of the grav i ty ci fec t f or a simp le Ai ry c rus ta l

model of an aseismic ridge using l ine integral method (dashed

line) and Fourier method (solid line). The gravity effec t has

been computed for three Airy crustal thicknesses T = 5, T = 10

and T = 15 km. The best fitting Airy crustal thickness

(T = 10 kin) reflects a crustal thickness of T = 15 km be-

neath the ridge . See text for discussion .
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contrast , t he computed curves for the plate model f i t  the long wavelength

admittance values from the western Wa lvis Ridge rather well. The best

f i t t ing effec t ive elastic plate thickness is 5 to 8 km .

This inf erred difference in isostatic mechanism between the eastern

and western Walvis Ridge can also be illustrated by comparing the observed

gravity anomalies from ind ividual profiles with the anomalies expected

for these two di f ferent  isostatic models. This is done in Figure 13 for

one profile from the eastern Walvis Ridge (WAL—7) and one profile from

the western Walvis Ridge (WAL—9) . The predicted gravity anomalies were

computed in each case by convolving the bathymetry with a theoretical

filter assuming different  values of crustal (Airy) or elastic plate

thickness . The best f i t t ing  value is that which min imizes the RNS re-

sidual between the “observed” and computed gravity anomalies. For these

profiles the RNS residuals are minimized for Airy crustal thicknesses

of -.20 km or elastic plate thicknesses of 7.5— 10 km. However , the

Airy model has consistently smaller RNS residuals for the eastern Walvis

Ridge profile while the plate model produces consistently smaller re-

siduals for the western Walvis Ridge profile (Figure 13). One problem

with this approach is that amplitude rather than wavelength is emphasized

in the sums of squares computation (Walcott, 1976); however , it does illus-

trate that the differences observed in admittance values between the

eastern and western Walvis Ridge are reflected in the observed gravity

anomalies.

DISCUSSION

These differences in isostasy are summarized in Figure 14 where the

isostatic response function 4(k ) is plotted against wavelength for the

Ninetyeast and Walvia Ridges. The function 4(k ) is a useful parameter ,
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FIGURE 13

“Observed ” gravity and bathymetry profiles WAL—7 (eastern

Walvis Ridge) and WAL—9 (western Walvis Ridge) compared to

theoretical profiles generated for various Airy and elastic

plate thicknesses. Number to right of theoretical profiles

is RMS difference between “observed” and calculated gravity

anomalies. Note that the smallest RNS errors are obtained

with an Airy model for the eastern Walvis Ridge and a plate

model for the western Walvis Ridge.
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since it is largely independent of the water depth and crustal density,

but is dependent on plate (or Airy crustal) thickness. The function

~(k) is obtained from

~(k ) i. — 
Z(k ) 

(7)

2~G(p2
_l.O3)e

_k1~

where Z(k ) is the observed admittance. The values of and d were

estimated from the short wavelength admittance for each aseismic ridge

(Table 2, Figures 6 and 7). Figure 14 illustrates that gravity and

bathymetry data across the eastern Walvis and Ninetyeast Ridge require

an Airy model of local compensation with crustal thicknesses beneath

these ridges of 15—25 km. In contrast the western Walvis Ridge data

are bes t exp lained by a plate model of regional compensation with ef-

fective elastic plate thicknesses of 5 to 8 km. The amount of crustal

thickening inferred is about 7-~ 0 km for the plate model and 10—20 km

for the Airy model.

These results are in substantial agreement with previous gravity

stud ies of the Walvis Ridge. Goslin and Sibuet (1975) produced a series

of two—dimensional structural models for the easternmost Walvis Ridge.

They used two similar local compensating schemes : (1) the thickness of

layer 2 was kept constant and an overthickened layer 3 (p = 2.96 gin cm 3)

formed the compensating mass and (2) the ratio of the thickness of layer

2 and layer 3 were kept constant and both layers thickened beneath the

ridge . With these models they found the base of the compensating mass

must reach depths of 25—30 lan. While Goslin and Sibuet ’s work was con-

fined to the easternmost Walvis Ridge , Kogan (in preparation)modeled

five gravity profiles across the western Walvis Ridge between 3°E and



/7

FIGURE 14

Plo t of isos ta tic response f unc tion , ~~~ , as a function of log
10

waveleng th for (a) Airy model and (b) plate model. The isostatic

response function (Walcott , 1976) is a usefu l  parameter [or

comparing different regions since it corrects the observed

admittance for different mean water depths and removes most

of the effects of different crustal densities. The shaded bands

represent the expected flexural response function for various

effective elastic plate thicknesses and a range of crustal

densi ties of 2.6—2.8 g cm 3.
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Tristan da Cunha using a simple plate model of compensation and different

values for the flexural rigidity of the lithosphere. He found flexurol

r igid it ies in the range 2 x io28 to 8 x 1028 dyn-cm best exp lained the

observed profiles. This corresponds to effective elastic plate thick-

nesses of 6—10 kin , wirhin the range of values determined in this stud y.

While Bowin (1973) argued for similar depths of compensation beneath

the Ninetyeast Ridge as are suggested by this study, he preferred a

model in which the ridge was supported by a thick root of nnomalous

material rather than by thickening of normal crustal layers. This model

was based in part on Francis and Raitt ’s (1967) interpretation of an

unreverged 7.1 km/sec refraction as “Moho .” Seismic refraction and

gravity data from most other aseismic ridges (Figure 1) indicate sub-

stantial crustal thickening . Mantle velocities where observed are only

slightly lower than normal (-.7.9 km/sec). It is thus likely that the

7.1 km/sec velocity observed by Francis and Raitt is in fact a refraction

from the lower crust correspond ing to 3B; however , without good deep

refraction data from the Ninetyeast ridge we cannot exclude a Pratt—

type mechanism of lateral density changes beneath the ridge as suggested

by Bowin (1973). The density differences between these models are

small and probably not resolvable by these techniques.

TECTONIC IMPLICATIONS

The Airy isostatic model in! erred for the Ninetyeast Ridge and

the eastern Walvis Ridge indicates these features formed on lithosphere
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with little or no long—term elastic bending strength. The isostasy of

the western Walvis Ridge also requires a relatively weak plate with

effective elastic plate thicknesses of only 5—8 kin. These estimates are

significantly less than values typically determined from flexural studies

of loads on old (>80 my) oceanic crust. For example, studies of the

Hawaiian—Emperor seamount chain (Watts and Cochran, 1974; Watts, in

preparation) indicate best fitting elastic plate thicknesses of 20—30

kin (Figure 14). Plate thicknesses of 5—10 km have, however, been de-

termined for topography at mid—ocean ridges (McKenzie and Bowin, 1976;

Cochran and Watts, in preparation).

These differences in isostasy are illustrated in Figure 15, which

compares observed gravity anomalies over the Ninetyeast and Walvis

Ridge with calculated anomalies based on South Atlantic (Cochran and

Watts, in preparation) and Hawaiian—Emperor seamount chain filters

(Watts, in preparation). The computed profiles were obtained by con-

volving each filter with the observed bathymetry . The South Atlantic

filter represents the gravity effect of sea—floor topography which was

probably formed at the Mid—Atlantic ridge crest while the Hawaiian—

Emperor filter represents the gravity effect of topography formed on

relatively old (>80 my) lithosphere. Figure 15 shows there is a much

closer agreement between observed and computed anomalies based on the

South Atlantic filter than those based on the Hawaiian—Emperor seamount

chain filter. This result supports the hypothesis that aseismic

ridges originate near ridge crests.
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FIGURE 15

“Observed” gravity from Walvis Ridge profiles WAL—8 and Ninety—

east Ridge profile 90E—1O compared with the predicted gravity

anomalies obtained by convolving filters derived from the

Hawaiian—Emperor chain (Watts, in preparation) and the South

Atlantic (Cochran and Watts , in preparation) with the “observed”

bathymetry . The gravity anomaly calculated with the South

Atlantic filter fits the “observed” gravity quite well reflecting

the fact that these aseismic ridges have formed at or near an

oceanic spreading center.

~~1
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In an Airy isostatic model , like that inferred for the eastern W a l v i s

and Ninetyeast Ridges , compensation is achieved by adjustmen t ot  v (’r t i L;I I

tault—bound ed blocks. Faulted structures h ave been recognized on many

aseismic ridges , although their orig in is poorly understood . Earl y i ii—

vestigators favoring a tectonic origin for aseismic ridges argued that

old oceanic crust had been up lifted along these large scarps giving the

ridges basically a horst—type structure (Ewing et al., 1966; Francis and

Raitt , 1967; Connary, 1972). However , gravity and seismic refraction data

are inconsistent with this model,and it is now generally accepted that

aseismic ridges are volcanic features . Francheteau and Le Pichon (1972)

and Sclater and Fisher (1974) pointed out that parts of the Walvis and

Ninetyeast Ridges trend along flow lines,and they suggested that these

scarps may be associated with frac ture zone topography. However , those

parts of the Walvis Ridge that trend at nearly right angles to these

flow lines also are characterized by a similar block—faul t morph ology.

Frac ture zones typically have steep scarps bordering a deep central troug h

and are usually flanked on one side by a high ridge 25—50 lan wide.

Aseismic ridges, on the other hand , are usually much wider (200—300 kin);

their steep scarps are discontinuous and often limited to one side of

the ridge. There is generally no evidence for deep fracture zone troughs

• bordering the ridges . Bowin (1973) and Hekinian (1974) have, therefore ,

argued that block faulting is only a secondary process in forming the

topography of these aseisinic ridges. However , they proposed no satis-

factory mechanism for explaining the origin of these large scarps.

We believe the presence of Airy—type compensation and block—faults

on the eastern Walvis Ridge and Ninetyeast Ridge are a consequence of
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their formation at a ridge crest. The lithosphere at a ridge crest is

relatively weak and would not be able to sustain the large loads asso—

ciated with the volcanism forming aseismic ridges for long periods of

geological time. Since the lithosphere is unable to distribute these

loading stresses laterally by bending, isostatic adjustments occur by

the vertical movement of large crustal blocks. These isostatic adjust-

ments, which would occur concurrently with the volcanism forming the

ridge, probably explain the large scarpa and block—fault morphology of

many aseisinic ridges.

The plate model, in contrast , implies the western part of the Walvis

Ridge flexurally loaded the oceanic lithosphere. One possible explanation

for the differences in isostasy between the eastern and western parts of

the Walvis Ridge is that it is related to an eastward shin- relative to

the Mid—A t lantic Ridge of the “hot spot ” fo rming the Wa lvis Ridge 80

m .y.B.P. (Ladd, 1974). This “hot spot” has remained beneath the African

plate throughout the Cenozoic and is presently located at Tristan da Cunha

(Morgan, 1971) about 300 lan east of the Mid—Atlantic Ridge (Figure 4).

After this off—axis shift in the “hot spot,” the volcanism forming the

Walvis Ridge became more intermittent in time and space forming a seamount

province rather than a continuous ridge. The lithosphere was able to

support these smaller loads elastically by bending . In this sense, the

western Walvis Ridge seamount and guyot province is analogous to the

Hawaiian—Emperor seamount chain. However, the western Walvis Ridge was

built on younger , thinner and consequently much weaker lithosphere than

that underlying the Hawaiian—~ nperor ~eamount chain.

The estimated age of the shift in this “hot spot” is, however, poorly

conatrained by available data. Magnetic anomaly 34 (-80 m.y.B.P.) has
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been iden tit led on both sides of the ridge crest. Cand e and Rabinowitz

(in press) have mapped a large amplitude magnetic anoma ly on the eastern

~lank of the Rio Crande Rise , which they tentatively identified as

anoma ly 34. 11 this anomaly has been correctly identified , it does

.ugg4 st the R i o  Grande Rise formed prior to anomaly 34. An eastward

s h u t in the “hot spot” at this tine could therefore explain both the

f l e x ura l loading at  the western Walvis Ridge and the abrupt termination

of the Rio Grand e Rise.

The isostosy of the Walvis and Ninetyeast  Rid ges was thu s l a r ge l y

determined by the thin , relatively weak lithosphere on which they formed .

The di flerenc ~~ in isostasy between aseismic ridges and mid —p late island

c hains , l ike t he  Hawaiian—Emperor seamount chain , can be explained by

differences in the oge of the crust on which they formed . As the litho-

sphere cools and thickens, its rigidity increases. Thus mid—p late island

chains load a much more rig id plate than aseismic ridges,and this is re—

lec ted in gravity anomalies of much higher amplitud e and longer wave-

length than are typical of aseismic ridges .

Although basement ages, and consequently the age of loading , vary

systematicall y along the length of the Ninetyeast Ridge , we have found

no ev idenc e tha t this is accompanied by significant changes in its state

of isostasy . The difference in the isostasy between the younger and

older parts of the Walvis Ridge has been attributed to differences in

the mod e of orig in (on—spreading axis vs. off—spreading axis) rather

than viscoelastic relaxation . These observations suggest that the

isostatic parameters determined at these ridges were “frozen in” at

the t ime of their formation at or near a spreading center and have not
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sig nif icantly changed through time . Thu s the oceanic l i thosphere appears

to be able to support the large stresses associated with  aseismic ridges

fo r at least several tens of millions of yea rs.

CONCLUSIONS

From this analysis of gravity and bathymetry profiles across the

Ninetyeast and Walvis Ridge we draw the following conclusions:

1. The Ninetyeast Ridge and the eastern Walvis Ridge are locally

compensated by an overthickening of the oceanic crust. Maximum crustal

thicknesses beneath these ridges are estimated to be 15—25 km. This

type of crustal thickening is consistent with most available seismic

refraction and gravity data from aseismic ridges.

2. The western Walvis Ridge Is morphologically and structurall y

different from the eastern Walvis Ridge or the Ninetyeast Ridge. It con-

sists of numerous seamounts and guyots which are regionally supported by

a lithosphere with an effective elastic plate thickness of 5—8 km. This

is significantly less than the plate thicknesses of 20—30 km typically de-

termined for loads on old (>80 m.y.) oceanic crust (Walcott, 1970; Watts

and Cochran, 1974) , but within the range of values determined for

topography presumably formed at mid—ocean ridge crests (McKenzie and

Bowin, 1976; Cochran and Watts, in preparation). The amount of crustal

thickening inferred is 7—10 km.

3. These results indicate the Ninetyeast Ridge and the Walvis

Ridge were formed on hot, relatively weak lithosphere. This is consistent

with their formation at or near an oceanic spreading center by a mantle

plume or “hot spot” as suggested by Wilson (1963) and Morgan (1971). The

-
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d ifferences in morphology and isostasy between the eastern and western

Wa lvis Ridge are attributed to an off—axis shift in the “hot spot ” f o r m i n g

the Walvis  Ridge ~80 m.y.B .P.

4. The isostasy of aseismic ridges reflec ts the mec hanico l properties

of the lithosphere at the time they formed . The stresses associated

with the initial load ing appear to be maintained for tens of millIons of

years without apprec iable change.

5. These results and similar studies of mid—ocean ridges (McKenzie

and Bowin ,.l976; C~ c-hran and Watts, in preparation) and mid—plate island

cha ins (Watts , in preparation) indicate that the rigidity of the lithosphere

increases by about an order of magnitude from ridge crests, where aseis—

mic ridges for m , to the 80—90 m.y. old lithosphere on which the Hawaiian

Ridge has been built. The differences in isostasy between aseismic

ridges and mid—plate island chains, like the Hawaiian chain , can thus

be largely explained by differences in the age of the lithosphere at the

time of loading .
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A B STRACT

A l l :~vai 1abh Deep Sea Drilling Projec t results from aseismic rid ges

j i ve been c o m p i l e d . These results indicate that at least five major

, ise~~~mic  rid ges—-the Ninetyeast Ridge , the Rio Grande Rise, the Walvis

Ridge , the Chagos—Laccadive Ridge and the southeast Mascarene Plateau——

have formed close to sea level and have since subsided at rates comparable

to that of normal oceanic crust. Two other aseismic ridges , the Iceland—

Faeroe Ridge and Broken Ridge , may have undergone a similar but more

complicated subsidence history . This subsidence is attributed entirely

to the cooling and contraction of the lithospheric plate on which these

rid ges are built. Some geological and geophysical implica tions of th is

model are discussed including its app licability to the subsidence of

oceanic island chains.
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INTRODUCTION

Topographic and magnetic profiles from the Pacific , Atlantic and

indian Oceans and the inferred basement ages of Deep Sea Drilling Project

(DSDP) holes have clearly established a general relationship between depth

arid age for normal oceanic crust. Depths increase from 2500+300 m at a

spreading center to 5800+300 m in oceanic crust of early Cretaceous to

late Jurassic age. These observations have been successfully explained

by simple models involving the cooling and contraction of the oceanic

lithosphere as it ages and moves away from a spreading center (Sciater

et al., 1971). While this depth versus age relationship is generally

applicable to most of the sea floor, there are prominent ridge and plateau

like features scattered throughout the oceans that are anomalously

shallow arid noticeably distinc t from the surrounding sea floor . These

structural “highs,” which have been variously termed plateaus, rises,

oceanic ridges or aseismic ridges, interrupt the lineated magnetic anomaly

pattern of normal oceanic crust and do not appear to have been created

by simple sea floor spreading processes. Unfortunately , little geological

or geophysical data is available from many of these features and what data

does exist seems to suggest more than one type of crustal structure or

origin. In this paper we will discuss one group of anomalous sea floor
I,

features——aseismic ridges. We will use the definition of an aseismic

ridge first suggested by Laughton et al. (1970): a linear volcanic ridge

free of earthquake activity.

Aseismic ridges are found in all major ocean basins——among the most

familiar are the Rio Grande Rise, Walvis Ridge and Iceland—Faeroe Ridge

in the Atlantic Ocean, the Ninetyeast and Chagos—Laccadive Ridges in the



FIGuRE 1

Location of major aseismic ridges and Deep Sea Drilling Projec t

sires discussed in this paper : (A) Iceland—Faeroe Ridge , (B)

R io Grande Rise , (C) Walvis Ridge , (D) Ninetyeast Ridge , (E)

Chagos—Laccadive Ridge, (F) Southeast Mascarene Plateau , (C)

Mozambi que Ridge , (H) Madagascar Ridge , (I) Broken Ridge , (J)

Na turalistic Plateau , (K) Cocos Ridge, (L) Carnegie Ridge and

(M) Coiba Ridge.
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I n d i a n  Ocean , and the Cocos and Carneg ie Ridges in the eastern Pacific

( F i g u r e  1 ) .  Becaust~ many of these shallow , structural highs have apparently

had an i m p o r t a n t  e f f e c t on sedimentary and p a l e o c i r c u l a tlo n  p a t te r n s  i n

the oceans and because of our rather meager knowledge of their origin or

tectonic nistory , a number of Deep Sea Drilling Project (DSDP) sites have

been located on these features. One important result of this drilling

has been the recovery of shallow water sediments from aseismic ridges

that today are several hundred and in many cases several thousands of

meters below sea level. The sedimentary record from these sites indicates

tha t shallow water , even subaerial conditions , existed early in t he  h i s t o r y

of these ridges. Younger sediments indicate a progressively deeper water

and more open marine depositional environment. In this paper we review

the ~;c~o1ogica1 evidence for this subsidence , present a simple model ~ h i ch

can account for these observations and discuss some of the model ’s geological

and geophysical implications.

DEEP SEA DRILLING DATA

We have compiled available Deep Sea Drilling Projec t results icr all

major  ;*scismic r idges  (Table 1). In add it ion , we hav e tabula ted dr il l i n g

r e s u l t s  f rom a number of other features which might be classed as aseismic

r idges , bu t abou t which relatively little is known. In each case we have

estimated the age of the site (generally from the paleontological age of

the basal sediments) and the age of the adjacent oceanic crust based on

magnetic anomaly identifications. We have used the biostratigraphic time

scale of Berggren and van Couvering (1974) for the Tertiary and the pre-

l iminary scale of Thierstein (in press) for the Cretaceous/Jurassic .

Basement depths have been corrected for isostatic loading by the overlying
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sed iments using a method ou t l ined  by Sciater and others (In p r e s s ) .  Where

basemen t was not reached ) the depth and age of the  basal  sed iment s h4iVI’

hcc Tt  used . We have also computed an expected depth , assum i ng each s i t e

was t ’ormed at sea level and has since subsided along a curve s im i l a r  to

that of normal oceanic crust.

The subsidence histories of several of the aseismie ridges compiled

in Table 1 are either unknown or are complicated by subsequent uplift, and

care must be taken in comparing data from these ridges with those that

have had a simpler subsidence history. For example, sediments from DSDP

sites on the Coiba (155), Carnegie (157) and Cocos (158) Ridges show no

evidence of shallow water fauna even though volcanic basement was reached

in each case . Apparently , these ridges never reached sea level when

they were formed, and consequently they are now unusually deep (2162—3089 in)

for their age (late to middle Miocene). The subsidence history of the

Mozambique Ridge (249) is similarly unclear . While Madagascar Ridge (246 ) ,

Broken Ridge (255) and the Naturaliste Plateau (258) have all been shallow

at one time , they have had complicated subsidence histories with one or

more periods of subsequent uplift. This uplift has left sites on Broken

Ridge and Madagascar Ridge unusually shallow for their age.

We will consider only those aseisniic ridges that are known to have

formed near sea level and that have not experienced subsequent uplift

(Figure 2). These aseismic ridges include the Nlnetyeast Ridge, Rio

Grande Rise, Walvis Ridge , Chagos—Laccadive Ridge , the southeast Mascarene

Plateau and the Iceland—Faeroe Ridge. The rate of subsidence of these

ridges is comparable to that of normal oceanic crust , although the actua l

amount of subsidence varies from site to site and is generally somewhat

less than would be expected from our predicted subsidence curve .

-4
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FIGURE 2

I so st a t l o  a l l y ad jus t ed  basement depth plotted against age fo r

those aseismic rid ges in Table 1 that  are known to have been

formed at or near sea level and that have not experienced sub-

sequent uplift. Predicted subsidence curve (solid line) deter-

mined by assuming these rid ges formed at sea level and then

subsided along the empirical depth vs. age curve of Sclater ,

et al. (1971). Dashed line is this same curve displaced upward

by 300 m. Numbers refer to DSDP site numbers. Horizontal bars

Indicate estimates of possible age error; question mark is used

where basement was not reached . Key:ANinetyeast Ridge;~~~ Rio

Grande Rise; •Wa lvis Ridge; Rlceland Faeroe Ridge; Ochagos—

Laccadive Rid ge; •Sou theast Mascarene Plateau .
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N i n e t y e a s t  Ridge wi th  f i v e  DSDP holes (217 , 216 , 214 , 253 and 254 )

has been drilled more than any other aseismic ridge (von der Borch et al.,

1974; Davies et al., 1974). Of these sites only hole 217 f ailed to reach

volcanic basement. At each site a basal sequence of shallow water sediments

was found , grading upward into deeper water pelag ic calcareous oozes. The

agreement between the predicted depth and the isostatically corrected

basement depth is generally quite good at all sites except 217. This hole

was dr illed on the eastern flank of the ridge, which may par tia l l y exp lain

why It s corrected depth is much deeper than predicted . Site 216, which

has subsided --2500 m since the late Cretaceous , is within 60 m of its pre-

dicted depth ,and site 253 with over 2300 in of subsidence since the middle

Eocene is less than 150 m from its expected depth. Sites 254 and 214

both are 300—400 m shallower than expected , but clearl y fall along the

general subsidence trend for these aseismic ridges.

Thr ee DSDP sites (21 , 22 and 357) are located on the Rio Grande Rise

(Maxwell et aL, 1970; Perch—Nielson et al., 1975). Shallow water sed i-

ments were encountered at site 21 on the northeastern edge of the Rio

Crande Rise and at site 357 . Unfortunately volcanic basement was not

reached at either of these sites; thus both age and basement depth values

p lotted are minimum estimates. Nevertheless both sites fall along the

• genera l subsidence trend of other aseismic ridges. Thiede (1977) has

recen tly examined the subsidence history of the Rio Grande Rise, and he

estimates a pre—Santonian basement age of ~97 m.y . for site 357 and an

uncorrected basement depth of “-3800 m. A correc tion for the loading

effec t of -1700 in of sedimen t would raise basement to a depth of ‘-3200 m.

This age and corrected depth for site 357 would place It in somewhat

be tter agreement with our predicted subsidence curve .
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The Walvis Ridge has been drilled twice (359 and 363). Site 359 [s

si tuated on the f lank  of a seamount that is part of the southwestern seg-

ment of the Walvis Ridge . This hole bottomed in an alkali—rich , silica—

rich a8h—f low tuff , indicating that subaerial conditions probably pre-

vailed at this site in the late Eocene (Bolli et al., 1975). The total

subsidence since then has been at least 1700 m , close to the ‘-2000m depth

expected for a site of this age . At site 363 (Bolli et al., 1975), loca ted

on the eastern Walvis Ridge, basement was not reached but the hole bot-

tomed in shallow water sediments of probable Aptian age (102—107 m.y.).

These shallow water sediments including calcarenites with rounded lime-

stone sand grains, calcareous algal remains and small amounts of phos—

phorite are probably disp laced , but indicate a nearby source of shall ow

water sediments. Shallow water fossils of Aptian—Albian age have also

been dredged from the eastern Walvis Ridge (Pastouret and Goslin , 1974).

The Chagos—Laccadive Ridge has been drilled only once (219) near

its northern end . While basement was not reached , the hole bottomed in

shallow water limestones, sandstones , and siltatones of late Paleocene

age probably deposited in water depths of less than 100 m (Whitmarsh

et al., 1974). The total subsidence since that time has thus been at

least 2000 m , close to that expected from the subsidence rate of normal

oceanic crust. This long 2200 km north—south trending ridge thus appears

to ha ve a subsidence history similar to tha t of the Ninetyeast Ridge ,

S 
the Walvis Ridge and the Rio Grande Rise.

The southeast Mascarene Plateau (Saya de Maiha Bank) is an enigma t ic

feature  which might be classed as an aseismic ridge. The Seychelles Bank

to the northwest is composed of pre—Cambrian , 600 m .y .  old grani tes  cut
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by early Tertiary mafic dikes (Fisher et al., 1967). The nature of the

basement of Saya de Malha Bank is not known though seismic refraction

evidence (Shor and Pollard , 1963) suggests a basaltic composition . Site

237 , dr i lled on a saddle be tween Seychelles and Saya de Malha Bank , did

not reach basement but did bottom in early Paleocene sed iments (Fisher

et al ., 1974), which indicate a nearby source of shallow water sediments.

Vincent et al., (1974) have examined faunal assemblages at this site and

report an abrupt change In sedimentary environment from upper bathyal

(200—600 m) dep ths 57—62 in.p.b.p. to lower bathya l (600—2500 m) depths

with characteristic deep water microfossil assemblages in the late

Paleocene . This apparent subsidence was accompanied by a marked de-

crease in sed imentation rate. Assuming this site was near sea level in

the early Paleocene (60—65 m.y.b.p.) the total subsidence has probabl y

been grea ter than 2000 rn——very similar to the observed subsidence for

similarly aged sites on the Ninetyeast and Chagos—Laccadive Ridges.

Sed imen ts from si te 336 on the Ice land—Faeroe Ridge i nd ica t e  a long

his to ry of submergence for this ridge; however , the corrected basement

dep th  of t h i s  s i te is unusually shallow and does not appear to fall along

the subsidence trend of the other aseismic ridges. This site and site 217

on the Ninetyeast Ridge show the largest difference between the actua l

and expected depth of any of the twelve sites we have discussed . With

the simple model developed in the next section we wiL explore several

fac tors which could be responsible for this discrepancy.
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A SIM PL I ;  MODEL

~‘runi the Deep Sea Drilling Project data discussed in the previous

sect ion , it appears that at least five major aseismt (’ rIdges——t h e Ninety—

eas t Ridge , the Rio Grande Rise , the Walvis Ridge, the Chagos—Laccadive

Rid ge and the southeast Mascarene Plateau——all have formed at or close

to sea level and have since subsided at rates comparable to that of

norma l oceanic crust. The basement ages on at least two of these ridges

(Ninetyeast and Walvis Ridges) vary along their length and are similar

t o the age of norma l oceanic crust adjacent to the ridge (Table 1).

These observations can be explained by the simple model presented in

Figure 3. Aseismic ridges are formed at or very close to a spreading

center by excessive volcanism which builds the ridge up to or even above

sea level. This volcanism may be related to a mantle hot spo t or plume

as suggested by Wilson (1973) or Morgan (1971, 1972). It also may be

related in some way to transform faulting (McKenzie and Sciater , 1971)

since all or portions of these ridges appear to be aligned along fracture

zones. By analogy with the large shield volcanoes along the Hawaiian

chain , it is assumed tha t the major constructional phase of volcanism will

be relatively short , probably no longer than 0.5—1.5 m.y. (Jackson et al.,

1972) and that any isostatic adjustment due to loading of the underlying

crust by the mass of the ridge will be essentially contemporaneous with

the volcanism and will not occur long after volcanism has ceased . As

spreading con tinues, the aseismic ridges will be carried away from the

spreading center along with the lithospheric plate on which it is built.

As this plate cools and contracts, the aseisiuic ridge will subside with

it, and the rate of subsidence will be the same as that of normal oceanic

crus t .
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FIGURE 3

Simple model which can account for the observed subsidence of

many aseismic ridges. Measured subsidence is obtained by taking

the present isostatically correc ted depth of volcanic basement

beneath sea level. The predicted subsidence is indicated by the

sol id line , ac tual subsidence by dashed line. The measured sub-

sidence will generally be less than the actual and predicted

subsidence if the ridge is initially built above sea level

(see text for discussion).

0
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D I SCU SS iON

In this model we explain the observed subs idence  of ase ismic  r i d ~y’s

, i s  a 1)urel y therma l effect associated with the cooling and contraction

ol t h e  lithospher e on which the rid ge is built. The fac t that ma ny

aseismic ridges appear to f o l l o w  a simple t~~ subsidence law means thnt

paleobathymetric backtracking techniques can be applied to the sed iments

on these ridges . Since aseismic ridges have apparentl y had a major effeut

on the sedimentat ion h i s t o r y  and paleoci rcula t ion p a t t e r n s  of c e r t a in

ocean basins , th is model should prov ide a valuable  f r a m ework in wh ic h

th e role of aseismic ridges can be properly evaluated .

The amount of subsidence of any point on an aseismic ridge is esti-

mated by taking the present isostatically corrected depth of volcanic

basemen t below sea level. Consequently, a point will fall on our “pre-

dicted” subsidence curve only if the aseismic ridge is built exactly to

sea level at the spreading center (i.e., on 0 m .y. old crust; see Fi gure 3 ) .

Natur ally , we expect some parts of the ridge will he built above Sen

level while other parts of the ridge may not quite reach sea level. ‘l’his

should result in a scatter of poin ts above and below the predicted sub-

sidence curve . However , most of the sites plotted in Figure 2 appear to

fi ll above the predicted subsidence curve . At least three factors would

cause the actua l subsidence to differ from that pred icted by our simple

model: (1) the age of the crust the aseismic ridge is initially built on ,

(2) its original height relative to sea level , and (3) the amount of the

ridge removed by subaerial erosion .

In our model we have assumed that aseismic ridges are formed at

spreading centers. If in some cases they are built on older crust ad-

jacent to a spreading center, then the actual amount of subsidence will be



Le ss t h dn  tha t predicted by our model. This is , of cou rse , because t t l e

underly ing l it hosphere  wi ll  have alread y cooled and contracted by an

amount proportional to the square root of its age . This etfect can he

very si gnificant because of the initial steepness of the age—depth curve .

The ~n c t  that the difference between the measured and predicted subsidence

is ~;en ernlA/ no more than 300—400 m is consistent with our assumption

tnii these features have formed on very young crust.

It is clear from DSDP results that parts of several aseismic rid ges

fn ve a t  one t ime been above sea level. Subaerial conditions have been

m t  erred i t  sites 214 and 253 on the Ninetyeast Rid ge (von der Horch et al .,

1974 ; Dav ies et al. , 1974; Pimm et al., 1974) and site 359 on the Walvis

Ridge (Perch—Nielson et al., 1975). Thiede (1977) believes that part of

the Rio Grande Rise was also emergent during the late Cretaceous. If a

p o i n t  on an aseismic ridge Is initiall y bu i l t above sea level , then the

marine sedinents subsequentl y deposited at this site will only record the

inter pa rt of the subsidence history of the ridge. Since the amount of

the ~nAnsi d er~~e whi ch occurred prior to the time the ridge sank below sea

lev el cannot be determined , we will underestimate the actua l amount of

5ub ’.1de nc(~ by l iking the prest~nt depth of the ridge below sea level. ‘Ihis

w i l l  he pa rt iill y offset by the effec t of subaerial erosion,wh ich may re-

move p i r~~ ot th e rid ge; however , the net effect , particularl y if the site

remains above sea level for a considerable time , will be that the measured

subsidence will be less than that predicted by a simple subsidence law.

It is apparent from Figure 3 that the present depth of any point on the

rid ge will depend only on the age of the underlying c rus t when the ridge

f inal l y sinks below sea level. Since most aseismic ridges f a l l  cl ose to 

~ - - - -—-.- .~~-~ _ _ _ _ _ _
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our  p r e d i c t e d  subs idence  cu rve , these rid ges p r o b a b l y  have sunk L e l o w

sea level within a few m i l l i o n  years  of t h e i r  forma t ion .

There are , however , aseismic ridges which have appar ent l y r (~ma ined

above sea level for a considerable time after they were formed . OSOP site

336 on the Ice land—Fa eroe  Rid ge is anomalously sha l low f o r  i t s  age ,

falling 1100 m above our expected subsidence curve . Normal ocean crust

subsides about 1200 m in the first 15 n.y. after it is formed . If the

lceland—Faeroe Ridge remained emergent for this length of t ime after i t

wa s f ormed , then we could acc ount f or the unusua l l y shallow depth of this

ridge (Figure 4). There is some evidence from site 336 on the Iceland—

Faeroe Ridge tha t this may have been the case. The oldest sed iments over-

lying volcanic basement at this site are Middle Eocene (43—49 m.y.) in

age (Taiwani et al., 1975); however , the r idge may not have sunk below

sea leve l unti l af ter the wes tward sh i f t  in the spreading cen ter nor th of

Iceland around anomaly 7 time , ~30 m.y.b.p. (M. Talwani , personal communica-

tion , 1976).

The isostatically correc ted basement depth of site 255 on Brok en Ridge

is also much shallower (1200 m) than would be expected from the age of

the basal sediments (82—86 m.y.) at this site. While Broken Ridge has

had a complicated tectonic history with periods of both uplift and sub-

siden ce , the model presented by Luyendyk and Davies (1974) to account for

the latest period of subsidence is basically the same as suggested above

for the Iceland—Faeroe Ridge. Broken Ridge is probably at least 80 m.y.

old ; however , bet ween the Late Cretaceous and the Late Eocene , it was

uplifted above sea level. This event probabl y coincided wi th  the initia-

tion of spread ing on the Pacif ic—Antarc t ic  Ridge ~55 m.y.b.p., which sp lit

Broken Ridge from the Kerguelen Plateau . The present depth of site 255
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FIGURE 4

Expec ted subsidence curve for an aseismic ridge which does not

sink below sea level until 15 m.y. after it is formed (dashed

l ine). Normal subsidence curve indicated by solid line. Site

336 on Iceland—Faeroe Ridge also shown.
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011 B r u k i i i  Ridge can he exp lained if this site were emergent until 18

m . y . b . p . ,  a f t e r  which it subsided at  the same rate as the adjacent oceanic

ru s t  (see F i g u re  16 in Luyendyk and Davies , 1974) .  This is consis t en t

with the age (upper Eocene) and lithology (beach gravels) of the oldest

p o s t — C r e t a c e o u s  sed iments  found at s i te  255.

COMPARISON WITH OCEANIC PLATEAUS AND ISLAND CHAINS

There are two other major types of sea floor features which stand

anomalously shallow compared to normal oceanic crust. They are the oceanic

p lateaus or rises such as the Manih ik i  Plateau or Magellan Rise and o c e an i c

island chains such as the Hawaiian—Emperor Chain . There is some evidence

that several western Pacific plateaus have formed near triple junc t ions

(Winterer et al., 1974). Hence a model such as that proposed for aseisnic

ridges might also be applicable to these features. However , an examination

of DSDP results from western Pacific plateaus shows that onl y in one c ;i s (

(site 317A——Manihiki Plateau ; Winterer et al., 1974) is there any conclusiv e

evidence for shallow water conditions early in the history of a plateau.

At other sites either volcanic basement was not reached or only deep water

pelagic sed iments were recovered . From the available data it is therefore

not possible to determine whether these features have a subsidence history

similar to aseismic ridges.

The subsidence of western Pacific atolls and guyots has been well

documented (Menard and Ladd , 1963). This subsidence continues long after

volca nism has ceased and thus cannot easily be attributed to isostatic

adjustments. Watts and Cochran (1974) have shown that It is also un lil<el y

to be caused by any long—term inelastic behavior of the lithosphere he-

n e a t h  individual seamounts. While the simple model presented in Figure 3

- J
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has been developed f or aseismic ridges which are believed to form at or

very close to spreading cen ters , it should be equall y app l icable to fea tu res ,

such as the Hawaiian—Emperor seamount chain, which have formed on much

older crust. Of course if a seamount or island is built on older crust

away from a spreading center , the total expected subsidence will be much

less than in the case of an aseismic ridge; however , the same conceptual

model should app ly.

Geological evidence from drilling on several western Pacific atolls

(Ladd and Schlanger ,l960; Ladd et al., 1967) indicates that these features

have subsided much more than would be expected from the thermal contraction

of the adjacent crust. For example , Eniwetok in Marshall—Gilbert chain has

subsided at a rate of about 20 rn/my for the past 60 n.y. (Ladd et al., 1967)

even though this island is located on oceanic crust of Jurassic age. This

problem has been discussed by Menard (1973) and Watts and Cochran (1974).

They suggest that the large amount of subsidence experienced by these

western Pacific atolls and guyots is caused by the motion of the islands

off broad regional topographic anomalies such as that associated with the

southeastern portion of the Hawaiian ridge . If this explanation is correct ,

then we would expect the initial phase of subsidence to be quite rapid

as the island moves off a topographic bulge Following this the subsidence

should be the same as the surrounding sea floor . This model has not , however ,

been adequatel y tested .

CONCLUSIONS

1. At least five major aseismic ridges——the Ninetyeast Ridge , the

Rio Grande Rise , the Walvis Ridge , the Chagos— Laccad ive Ridge and the

southeast Mascarene Plateau——have formed at or close to sea level and have
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since subsided at rates comparable to that of norma l oceanic crust . The

I cel.ind—Vae roe Rid ge has probabl y undergone a similar subsidence history,

but because parts ot this ridge have remained above sea level for an

unusuall y long time (~ 15 n.y.), its presen t dep th is significantly less

t h an  other aseismic ridges of a similar age. Broken Rid ge was upl if ted

above sea level in the Eocene ; however , since it sank below sea level

‘38 n.y. ago , it has subsided at rates comparable to that of similarly

aged ocea ni c (‘rust.

2. The s u bsi d e n c e  of aseismic ridges is a t t r i b u t e d  e n t i r e l y to  the

cooling and contraction of the lithospheric plate on which these ridges

are built. In this model aseismic ridges are assumed to he built up (‘l ose

to sea level by excessive volcanism at or very near a spreading center.

As spreading continues the aseismic ridge is carried away from the spreading

center along with the plate on which it is built , sinking as this plate

cools and contracts.

3. Th is simple subsidence model , which has been developed for aseis—

mic r id g e s , should be equally applicable to features , such as the Hawa i ian—

Emperor .seamount chain , wh ich have formed on much older crust. However ,

drilling on several western Pacific atolls ind icates these islands have

subs ided much more than would be expected from the therma l contraction

of the adjacent crust.
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ABSTRACT

Drilling results f rom several western Pacific atolls Indicate the

long—term subsidence of these island s is much more than would he ex-

pected from t he  cooling and thickening of the underlying lithosphere.

This excess subsidence cannot be satisfactorily explained by isostatir

ad justments to the weight of the volcano or the coral reel cap. It

i~ip ears to ae related to island formation atop unusuall y shallow •,re s

ol sea floor , like the Hawaiian swell , associated with midplate hot

spots. The excess subsidence is caused by the gradual return of these

shallow areas to normal depths. Several authors have suggested tha t

th e Hawa iian swell is supported by upward flow in the asthenosphere .

However , th is model offers no reasonable explanation b r  the shape of

t i e  swell or the observed rates of atoll subsidence. The regiona l

gravity anomaly over the Hawaiian swell indicates an average depth of

compensation within the lower half of the lithosphere , not within the

asthenosphere , as would be expected if the swell were maintained by

asthenospheric flow. While the compensating mass may extend to greater

depths , most of the density changes appear to occur within the litho-

sphere. We propose that the Hawaiian swell is formed by lithospheric

thinning over the Hawaiian hot spot. Since the asthenosphere is less

dense than the li thosphere , replacemen t of the lower portion of the

lithosphere by asthenospheric material causes isostatic uplift of the

surface of the plate. After the lithosphere moves away from th e hot

spo t , it cools and thickens , and the swell subsides. The subsidence

histories of the Hawaiian 8well and several Pacific atolls are in quanti-

tative agreement with this mechanism. The main problem with this model

is that it requires extremely fast rates of lithospheric heating .
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1NTR ( D~ CT I ON TO THE PROBLEM

‘ 11 s i m p le s t  e x p l a n a t i o n  for  the widespread oc~ Irreuce of dt . e I Is

and g u y o t s  and the  subsidence of aseismic ridges is tha t these  f e a t u r e s

r ide pass ivel y a top the underl ying lithosphere and subside as this

lithosphere cools and thickens. Detrick et al. (1977) have shown that

the basement depths and ages at Deep Sea Drilling Projec t si tes on

several prominent aseismic ridges , including the Nine tyeast Ridge ,

the Walvis  R idge , and the Rio Grande Rise, f a l l  on a subs iden ce curv e

paraiJel to the empirical age—depth curve of normal oceanic crust ,

suggesting this model is essentially correct for these features. This

same model should be equally applicable to the subsidence of island

chains , like the Hawaiian—Emperor chain , formed in the interior of

lithospheric p lates. After an initial relatively short period of rapid

isostatic adjustments these islands should subside at the same rate as

the surrounding sea floor. However , geological evidence from drilling

on several western Pacific atolls indicates the long—term subsidence

of these island s is much greater than this model would pred ict.

Four western Pacific atolls have been drilled : Funafuti in the

Ell ice Islands , Eniwetok and Bikini in the Marshall Islands, and Midway

in the Hawaiian—Emperor chain (Figure 1). The thickness of the coral

reef cap at each of these islands can be used to estimate the minimum

amoun t of subsidence they have experienced since their formation . At

F u n a f u ti , several holes were drilled , the deepest penetrating 340 m

of coraline limestone (Sollas and David , 1904). While volcanic base-

ment was not reached , seismic evidence indicates the total thickness

of the co ral reef cap is at least 1 km (Menard , 1963). Nearly 1400 m

S -~~ S -~~
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FIGURE 1

Bathymetric map of the western Pacific . Solid circles indicate

the loca t ions of drilled wes tern Pacif ic a tolls , and open

circles the locations of the guyots listed in Table 1. Average

dep ths along dashed lines are plotted in Figure 6.
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of reef sed iments were drilled at Eniwetok before reaching basalt

(Ladd and Schlanger , 1960) , wh ile a t nearby Bikini , 780 m of reef

material were drilled , and seismic refraction data indicate about the

same thickness for the coral reef cap as at En iwetok (Raitt , 1954).

Midway is the only atoll in the Hawaiian—Emperor chain that has been

dr illed , and here 384 m of reef material were found overlying basal t

(Ladd et al., 1967). Stratlgraphic horizons dated in the reef lime—

stones at Midway , Eniwetok, and Bikini indicate an average subsidence

rate of about 20 m/m.y. for the past 60 m.y. (Menard and Ladd , 1963) ,

a remarkably fast subsidence rate when one considers that these islands

are located on crust of Jurassic to early Cretaceous age.

The expected thermal subsidence of these islands can be calculated

f rom an empirical age—depth curve for normal oceanic crust (Parsons and

Sclater , 1977), since the age of the Islands and the age of the surround-

ing crust are known. For example , Eniwetok is about 60 m.y. old (Kuip,

1963) and sits on Jurassic crust. It therefore formed on sea floor at

least 90 m.y. old . Between the ages cf 90 and 150 m.y. normal sea

f l oor subsides abo ut 500 m , which is only about one—third the observed

subsidence at this island (Figure 2). Midway , which also formed on

crust 80—90 m.y. old , has subsided about twice the expected amount.

The observed subsidence and the expected subsidence for these atolls

and several guyots along the Hawaiian—Emperor chain are compiled in

‘F able 1. The guyots have been included in order to provide some addi—

L ional control on the subsidence of the Hawaiian—Emperor chaIn. Their

subsidence has been estimated by determining the depth to slope break

on bathymetric maps of Chase et al. (1970), except in the case of Koko

seamount , where more detailed information has been published (Davies
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FIGURE 2

Subsidence history of three western Pacific atolls that have

been dr illed (I5add et al., 1967) and the present depth to slope

break of several guyots along the Emperor seamount chain. Dashed

line is predicted subsidence curve assuming these islands formed

on 90—m .y.—old crust and have since subsided according to

an empirical age—depth relation for the normal sea floor (Parsons

and Sclater , 1977). Islands &re identified by initial (Table 1).
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et al., 1972). In all cases these islands have subsided at least 2—3

times the expected amount .

POSSIBLE MECHANISMS

There are several mechanisms that might explain the excess sub-

sidence exper ienced by these atolls and guyots. They include isostatic

adjustments to the weight of the volcano and the coral reef c.ip, visco-

elastic flexure of the under lying lithosphere , and island forma tion

atop anomalously shallow areas of sea floor .

Isostatic Adjustments

The major constructional phase of island volcanism is relatively

short, usually not longer than 0.5—1.5 m.y. (Jackson et al., 1972).

The u nder lying lit hospher e responds to the mass of the volcano by bend-

ing , the actual deformation extending well beyond the load itself ,

resulting , in many cases, in a depression or moat Immediately adjacent

to the island and a rise or arch further seaward (Walcott , 1970a).

These Isostatic adjustments explain the extremely fast subsidence rates

(>100 m/m.y.) determined from water well data on Hawaii (Stearns and

Chamberlain , 1967) and may amount to several kilometers of total sub-

sidence (Watts and Cochran, 1974). If the asthenosphere is sufficiently

viscous , these isostatic adjustments could continue over a significant

period of time, resulting in a much faster subsidence rate for the

volcano than would be expected from a simple thermal modeL There are,

however , two serious objections to this explanation . First , the time

scale of isostatic adjustments observed on the continents is of the

order of ~~~~~~~~~~~~~~~~~ years (Walcott , 1970b). There is no reason to expect

that the time scale for the oceans is any dif ferent ; thus a volcano
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should he comp letely compensated a lmost as soon as it is built. Second ,

free sir gravity anomalies over the southeastern end of the Hawaiian chain

(Watts , 1976) integrate to about zero (there is a small regional positive

anomaly), indicating that even these very young volcanoes are almost

perfectl y compensated .

The load ing effec t of subsequent island formation further along the

chain will be important if the island is located near enough to the new

volcanoes to be in their developing moat. However , for rapidly propagating

chains like the Hawaiian—Emperor chain these load ing effects will only

influence the subsidence history of the island for a short period of

t ime (3 n.y.). These rapid isostatic adjustments should then be followed

by a long quiescent period in which the island rides passively atop the

underl y ing l ithosphere , sinking as this lithosphere cools and thickens.

It is this later stage of island subsidence that is recorded by atoll

drilling , and that is anomalously fast.

Sed iment Loading

As the coral reef cap of an atoll grows , its we ight will depress

the under ly ing  crus t and e f fec tively increase the observed subsidence

rate. We have computed , using simple elastic beam theory (Walcott ,

l970a ) , the additional flexure of the underlying l i thosphere caused by

the presence of the reef cap at Eniwetok. Using a flexural rigidity of

5 x 1029 
dyn cm (Watts and Cochran , 1974) and assuming the moat around

the island produced by this additional flexure is filled with sediment

(2.0 g/cm 3), these calculations indicate less than 100 in of the excess

subsidence at Eniwetok is caused by the weight of the reef cap. This is

clearl y inadequate to explain the observed subsidence data at Eniwetok ,

and it is unlikely that sediment loading is responsible for a significant
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portion of the excess subsidence experienced by any of the islands com-

p iled in Table 1.

Viscoelastic Fiexure

Walcott (1970b) has proposed that the lithosphere may respond to

surface loads as a viscoelastic substance; that is, following an init ial

period 01 elastic strain it responds by viscous flow . The flexure of

the lithosphere due to an applied load , such as a volcano , would thus

increase with time, which might account for the excess subsidence of

these atolls.

Unfortunately , this hypothesis is very difficult to test. The moat

ad jacen t to the island should get deeper with time, but this deepening

could be masked by sediments. The arch surrounding the island should

ge t higher , but the change in elevation will probably be too small to

measure. From two—d imensional beam theory the amplitude of the arch is

known to be about one—twentieth the amplitude of the maximum deflection

under the island (Walcott , l970a). If the island subsides an additional

1 km . the arch should rise only abou t 50 m , which is too small to observe.

While Watts and Cochran (1974) have concluded that there is no substantial

viFcoelastic relaxation along the Hawaiian—Emperor chain , the changes

needed to explain excess atoll subsidence are so small we probably cannot

rule out viscoelastic flexure as the subsidence mechanism. However , in

the next section we describe an alternative mechanism which explains more

of the available data.

Island Formation on Anomalously Shallow Sea Floor

The youngest portion of the Hawaiian—Emperor seamount chain is super-

imposed on a broad , elongate region of anomalously shallow depths (Figure 1).
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This f~eature , known as the Hawaiian swell , is particularly well illus-

trated by the profile shown in Figure 3. The swell , which extends more

than 2700 km WNW along the length of the Hawaiian—Emperor seamount cha in ,

is about 1200 lan wide and as much as 1600 m shallower than normal sea

floor of the same age (Dietz and Menard , 1953; Watts, 1976). The

amplitude of the swell gradually decreases toward the northwest, along

the older portion of the chain, disappearing near the Hawaiian—Emperor

bend .

The presence of this swell around Hawaii and its disappearance along

the chain suggest a simple mechanism for explaining the excess subsidence

of atolls and guyots (Figure 3b). If volcanoes form atop the swell on

sea floor that is anomalously shallow for its age, then as the swell re-

turns to near—normal depths , the islands will subside an extra amount

equal to the original height of the swell (Watts and Cochran, 1974). The

amplitud e of the Hawaiian swell (about 1600 in) can qualitatively explain

the excess subsidence of many of the older inidplate volcanoes. While the

Hawaiian swell is one of the most obvious features of this type , several

other major oceanic volcanoes formed away from plate edges (Bermuda, Cape

Verde Islands, Austral Islands) are also superimposed on broad , regional

topographic swells. Since the Hawaiian swell has been well stud ied and

since It probably has had an important effect on the subsidence history

of islands along the Hawaiian—Emperor seamount chain , we will focus in

the remainder of this paper on the processes which control the origin and

disappearance of this feature .
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FIGURE 3

(a) Bathymetric and free air gravity profiles across the Hawaiian

ridge near Oahu showing Hawaiian swell , moa t , and arch (from Watts ,

1976); (b) Sketch drawn to scale of bathymetric profile in part

(a) showing how subsidence of swell can account for the thickness

of the coral reef cap.
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ORIGIN OF THE HAWAIIAN SWELL

Despite considerable crustal thickening beneath the Hawaiian ridg,e ,

Walcott (l970a) has shown that the Hawaiian swell is not formed in this

manner . Seismic refraction results seaward of the islands indicate

normal oceanic crustal thicknesses and velocities, even on the crest o f

the arch. However , the swell is also probably not caused by flexure of the

lithosphere as suggested by Walcott (1970a). If the swell is a flexural

feature , then it should maintain or increase its amplitude with age, but

as we have noted , the swell is restricted to the youngest portion of the

island chain.

Available gravity data from the Hawaiian a1~ a are also incompatible

with a flexural origin for the swell. Watts (1976) has plotted 5° x

averages of free air gravity versus bathymetry in the area around Hawaii

and determined the slope to be 2lmGal/km. As he mentions , this is a

factor of 5 smaller than the slope of 96 mGal/km expected if the swell

is flexural and uncompensated at depth (Watts and Taiwani , 1974). We

have examined the Hawaiian swell alone by digitizing prof iles 4 and 5 in

Watts (1976) and plotting gravity versus depth for the regions from the

arch crest to the edge of the swell (neglecting points that occur on

seamounts). For each track we have two data sets, one each for the

areas NE and SW of the islands. For the four sets we get slopes of 13,

16, 19, and 27 mGal/km. The average slope is 19 mGal/kzn, no t signif ican tly

differen t from the result Watts obtained using regional averages over an

a rea which Includes features other than the swell. Flexure undoubtedly

occurs beneath the load of the Hawaiian ridge; however , the amplitude of

the flexural arch is probably not much larger than a few hundred meters

(model A of Walcott (1970a}) and clearly does not explain the origin of

the  Ha wa i ian swell.
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Asthenospheric Origin

Dietz and Menard (1953) suggested that the Hawaiian swell was

produced by uparching of the crust over a zone of divergent convection

cells in the mantle (Figure 4a). Later calling these features

“asthenospheric bumps ,” Menard (1973) suggested that  the motion of a

constant thickness lithosphere over these surface undulations on the

asthenosphere could explain occasional interruptions in the general sub-

sidence history of atolls. More recently , Watts (1976) has argued from

gravity data that the Hawaiian swell is compensated by some pattern of

flow beneath the lithosphere which maintains both the swell and its asso-

ciated long—wavelength gravity anomaly.

However , there are several problems with this model. First , it

offers no simple explanation for the shape of the Hawaiian swell. With

most simple flow patterns , one would expect an approximately symmetric

deformation of the lithosphere about the upward flow ; yet the Hawaiian

swell is clearly elongate, extending some 2700 kin WNW along the island

chain (this might of course be cited as evidence for a more complicated

flow pattern , such as the cylindrical roll cells found experimentally by

Richter and Parsons (1975); however, in this case it is not clear why

volcanic activity does not occur along the entire length of the swell).

Second , Morgan (1971) noted that most volcanic centers that can be

identified as “hot spots” are surrounded by regions of elevated topography .

If these high areas are supported by upward flow in the asthenosphere,

then hot spot related features formed at ridge crests, like aseismic

ridges , should also experience a large excess subsidence. However ,

available data ind icate aseismic ridges formed near ridge crests subside

at the same rate as normal oceanic crust (Detrick et al., 1977).
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FIGURE 4

(a) Asthenospheric bump model for the origin of the Hawaiian

swell. A lithosphere of constant thickness is assumed to be

supported over the swell by some pattern of convection in the

upper mantle ; (b) Schematic cross section of hot spot showing

lithospheric thinning model for the origin of the Hawaiian swell.

Thinning over the hot spot is assumed to be caused by increased

asthenospheric heat flow Q ’ associated with the hot spot. (c)

Schematic section along a hot spot trace showing the subsidence

of the swell as underlying lithosphere cools and thickens.

The sea floor along the hot spot trace will subside faster

than would be expected from its crustal age but at the same

rate as normal oceanic crust of a similar depth (lithospheric

thickness).
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Third , the gravity data over the Hawaiian swell indicate an average

depth of compensation in the lower half of the lithosphere , not within

the  asthe nosphere , as would be expected if the swell were maintained

by some pat te rn of convection in the asthenosphere. Morgan (1971) and

Watts (1976) have noted the presence of a regional positive free air

gravity anomaly over the Hawaiian swell. Assuming that the swell is

isostatically compensated by low—density material at depth , the size of

the anomaly can be used to infer the average depth of the compensating

mass (Sciater et al., 1975; Watts , 1976). For low—amplitude surface

topography of the form h(x,y) h sin (kx) sin (Ly) (where x and y are

coordinates of the horizontal plane) the ratio between surface free air

gravity ~g and topography is approximately

ag/h = 2irGp{ 1 - exp (-k2 + ~2D)
i} (1)

where G is the gravitation constant , p the density contrast, and D the

depth to the compensating mass. This relation is not true for short

wavelengths where lithospheric bending and the finite height of the

gravity meter above the topography become important , but it is accurate

for the wavelengths of features like the swells. This expression also

does not take into account the sphericity of the earth; however , for

features the wavelength of the swell (~l20O kin) this correction is not

important. Relation (1) is plotted in Figure 5 for various values of D

using the half—wavelength A
½ in8tead of k (k = Tr / A ½) and assuming that

P (3.3—1.0) g cm 3. From Figure 3 it can be seen that the half wave-

length of the Hawaiian swell is about 1200 kin (±200 lan). This is

apparent from both the topography and the free air gravity anomaly. As

we mentioned before , t he gravi ty—topograp h y ra t io  for the swell is about

20 m Gal/km (±5 mGal/kin). These data indicate that the average depth of 

--- 
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the compensating mass beneath the swell is somewhere between 50 and 100 km

(Figure 5). We stress that this is an average depth of compensation;

from this analysis alone we cannot place any limits on how deep or how

shallow the compensation may extend .

Thermal models of the lithosphere (Crough, 1975) and seismic evidence

(Leeds et al., 1974) both indicate an expected thickness of about 90 km

f or lithosphere 90—100 tn.y. old , the age of the crust around Hawaii.

Here we are using a density definition of the lithosphere——a slab of cooler ,

denser asthenospheric material with a lower boundary determined by the

depth to which the thermal boundary layer has penetrated . The gravity

data thus indicate the Hawaiian swell is largely compensated at lithospheri

depths . The compensation may extend to greater depths , but most of the

changes must be within the lithosphere.

Watts (1976) has examined the same data and reached a different

conclusion regarding the depth of compensation . We think this is because

he determined the shape of the swell from a 50 
x 5

0 
average map of topog—

raphy . This averaging makes the swell appear to be much wider than it is.

If we used his width, X½ = 2200 kin, in Figure 5, we would share his con-

clusion that the mass deficiency must be at or below the base of the

lithosphere.

It can be argued that a sine function is not a good representation

of the shape of the Hawaiian swell. However , it can be shown that re-

lation (1) is an excellent approximation for a Gaussian—shaped swell

(h(x) — h exp (—x
2
/2ti

2
)), provided that the half wavelength used in

(1) equals about ¼ (S. T. Crough, unpublished data , 1977). A Gaussian

curve with ~ — 300 km gives an excellent fit to the swell shane . Notice

also that our estimates of depth are probably maximum estimates , since 

- _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _
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FIGURE 5

Ra tio of free air gravity anomal y and topography versus h a l f

wave leng th  A1 of su r face  topography.  Solid lines are predic t ions

for different depths D of compensation . First number gives

depth in ki lometers  for  the case where wavelength is the same in

both  ho r i zon ta l  d i rec t ions .  Number in parentheses gives dep th

when one h o r i z o n t a l  wavelength is inf ini te.  Data f rom the

Hawaiian swell indicate that it is compensated within the lower

half of the lithosphere (50—100 kin).
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~ l av e  issumed tha t the swell is completely compensa ted . I t a I I it  1 c

.1 s m c~ I the he ight of the swe I I is due to I I exure , this would exp la in

niGa 1/km of the gray ity— topography rat in . Expl aining th e rem;i Ii i jug

amount by c- onipensa t. i on  would force the compensa t Ion (lost’ r tt~ the’ surf u

Finall y, the bump concept is unsatisfactory because there is no

evidence ’ for it on the c o n t i n e n t s .  The u p l i f t  of the  wes te rn  U n i t e d

S ta us has been well stud led , and geophysical data I nd 1 1 -ate’ that the

uplift has been caused by 1 i t h o s p h e rlc  t h i n n i n g  ( c o n v e r s i o n  of I i t i l l ) —

sphere to ;i sth en o sp h er e)  r a t h e r  t h a n  by d y n a m i c a l l y  s u p p o rt i n g  t h e

I ithosp lier e from below (Crough and Thompson , 1976h).

L i t ~~~s lier~~- T h ~~ui i r ~~

We propose that the Hawaiian swell is caused by lithosph eric thinning.

We assume that the lithosphere—asthenosphere boundary is an isotherm lear

the solidus and that there is an increased asthenospheric heat flux Q ’,

;t sso( iated with the Hawaiian hot spot (Figures 4b and 4c). This higher

hea t f l u x  t h i n s  the  l i t h o s p h e r e  by d r i v i n g  t h i s  i so the rm upward . S i n c e

the asthenosp here is simply ho tter , less dense lithospherlc materia l ,

this results in isostatic up lift. The most obvious surface man itesta—

t ion of this uç i f ’  b rill be a broad area of positive residua l depth

anoma l ies associated with Y-~e hot spot. As the lithosphere moves away

P f r o m  the  hot spot , i t gr aduall y cools , thickens , and subsid es, eventuall y

ppr oaching the norma l thickness—crustal age relation .

This gradua l thermal subsidence provides a simple explanation for

wh y the Hawaiian swell is elongate in the direc t ion of the volcanic chain.

Li thospheric thinning also puts the compensating mass at the right depth

to  satisf y the gravity observations , since the dominant gravity signal
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at these depths is expected to come from the’ lithosphere/asthenosphere

boundary. The thinning model also exp lains why ase ism ic r idges wh ic h

have formed nea r ridge crests have normal subsidence histories. The

l ithosphere at ridge crests is already exceptionally thin. A hot spot

will not he able to thin It much further; so it should subside like’

norma l sea floor of the same age.

In thi’ thinning model it is useful to distinguish between the

crustal age , which m igh t be de term ined by identi f ying marine magnetic

anomalies or the paleontological age of the oldest sediments in a

particular area , and the therma l age , which depends on lithospheric

thickness. Generally, the crustal age and the therma l age are the same ,

but over a hot spot the thermal “clock ” in the ciust may be reset to

a younger age by lithospheric thinning . From that point on , the therma l

age will differ from the crustal age. The lithosphere will still coo l

and subside as it ages but at a rate which depends on its thickness

(therma l age), not on its crustal age. Thus hot spot generated midplat c .

island chains formed atop an area of thinned lithosphere will subside at

laster rates than normal sea floor of the same crustal age. This predic-

t i o n  p rov ides  us w i t h  a method for  quan t i t a t i ve ly t e s t i ng  the t h i n n i n g

mod el by examining the disappearance or subsidence of the swell along the

H a w a i i a n — E m p e r o r  cha in .

Tc ti~~~~ jie Model

We have visually estimated the average depth of the sea floor (ex-

cl ud ing is lands , guyo ts, and seamounts) in 1
0 

x 1
0 
squares of latitude

and iongitude in a broad band 1500 kin wide along the Hawaiian—Emperor chain

using the bathymetric maps of Chase et al . (1970). All depths were cot—

rected for the velocity of sound in water using Matthews ’ (1939) tables.
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because the regional sediment cover is relatively thin and uniform along

the chain (Ewing et al., 1968), we have not corrected for sed iment loading .

From this averaged depth map the shallowest depth within about 200 kin of

the volcanic chain was determined at intervals of about 100 kin along the

length of the chain . Wherever possible , we determined the dep ths  on bo th

sides of the chain, omitting values from the clearly anomalous Hess Rise

and Emperor Trough. These values should be a good estimate of the depth

to the top of the arch surround ing the island s , which is a r easonable

estimate of the depth to the top of the swell (depth d in Figure 3).

In Figure 6 we have plotted these depths against age along the chain

(ages are based on Figure 5 of Clague and Jarrard 1973 ). Though there

is some scatter , t he sudden development and gr ad ual subsidence of the

swell are clearly demonstrated . This subsidence is also apparent in

actual  bathymetric  profiles parallel to the ridge (Figure 7 of Watts et al.

{1976)). The shallowest point on the arch southeast of Oahu is at a depth

of about 4300 m , which corresponds to an age of about 30 m . y .  on the

empirical depth—age curve of Parsons and Sclater (1977). Thus the litho—

spheric thinning concept predicts that the swell should subside like

normal 30—m.y.—old crust. Indeed , the empirical subsidence curve for

30—in.y.—old crust provides a good fit to the data (Figure 6).

The sea floor between Bikini and Eniwetok is at 5100 in depth , about

500 in shallower than expected based on its age . Bikini and Eniwetok

have subsided 1300—1400 in (Table 1). If the neighboring sea floor sub-

sided with the islands, it was only 3700—3800 in keep when the islands formed .

Depend ing on whether or not the 500 in depth anomaly present now also

existed when the islands formed , this depth corresponds to an age of about

15—25 m . y .  Yet , as we have mentioned , th is  area had a crustal  age of
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FIGURE 6

Depth of the crest of the Hawaiian swell plotted against age

along the Hawaiian—Emperor chain (location approximatel y ind i-

cated by dashed l ines in Figure 1). Hawaii is assumed to be

0 n.y. old . Age along the chain is taken from Clague and Jarrard

( 1 9 7 3 ) ,  negatIve ages corresponding to points southeast of

Hawaii along the trend of the Hawaiian ridge . Shaded band

ind icates expected depth if normal age/depth relationship existed

in this area . Solid line is empirical age—dept h curve for  norma l

oceani c crust between 30 and 100 n.y . old (Parsons and Sclater ,

1977).



DEPTH OF SWELL (km )

0)

+•
+

+.
+.0- MOLOKAI _ _ _  •

F.Z.

MURRA’~,~~ 
+ +

1— F.Z. +

0
+ Sr~

)
• + :/
. + /

/

7:

!~ 

: 

~~~~~

s

:

s

:

i

~

/

/

~~~~

S:



1 5

about 90 n .y. during island construction . This evidence is consistent

w i t h  the idea that  Bi kini and Eniwetok formed atop a s w e l l .  If the swell

we re formed by lit hospheric thinning , then these island s should have

subsided at  the same rate  as normal 15— to 25—m.y. — old l i t hosphere .

St ra t igraphic  horizons dated within the reef limestones at  Eniwetok and

B i k i n i  (Ladd et al .,  1967) indicate the actual subsidence rate has been

close to what wou ld be expected if t he is lands fo rmed on lithosphere with

a the rmal age of 25 n .y .  (Figure 7 ) .

We have also computed the expected subsidence Ah ’ , assuming l i t h o s p h e ri c

th i nn ing fo r Midway and several guyots along the Emperor chain (Table  1) .

We have assumed that  the lithosphere beneath each of these islands was

originally thinned to the same value as that beneath Hawaii today. While

the agreement is only fair, the significance of this result is difficult

to jud ge , since the ages of most of these guyots are so poorly known .

DISCUSSION

The lithospheric thinning model thus provides a simple explanation

fo r both the shape of the Hawaiian swell and the excess subsidence ex-

perienced by some western Pacific atolls. It also satisfies available

gra vi ty  da ta , which indicate the Hawaiian swell is largely compensated

at li thospheric depths . The compensation could extend deeper . We cannot

p reclude some densi ty changes occurring in the asthenosphere; however ,

ou r resul ts  indicate that the density contrast with the surround ing as—

thenosphere must be small . Most of the density changes appear to occur

in the l i thosphere . The thinning model is also compatible wi th  the

measurement of norma l heat flow on the swell near Hawaii (Sc i a t e r  et a l . ,

1976) . If the lithospheric thickness over Hawaii were suddenl y reduced
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FIGURE 7

Pred icted subsidence history of Eniwetok assuming that the

lithosp here was initially thinned to the equivalent of normal

2 5—m .y .—old l ithosphere. Solid line is prediction , and letters

a re dated horizons on Eniwetok.

— —- - . — r_  
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by ha1~~, using reasonable values fo r  thermal d i f f us i v i t y ,  we would e x p e - t

20—40 n.y. to elapse before this thermal anomaly at depth could begin to

a f f e c t  surface  heat flow measu rements. By this t ime the lithosphere will

already have coo led and thickened considerably, and thus whi le  an ano ma ]y

should exist along the older portion of the island cha in , it wil l  be small

and possibly unobse rvable in the normal scat ter  of heat flow values.

Ou r assumption that  an anomalously high asthenospheric hea t f l ow

ass( ciated with  hot spots causes the thinning may be wrong. Ana ly t i ca l

studies assum ing a cons tan t thickness lit’iosphere (Birch , 1975) and

nume rical  studies assuming a variable thic~~&ess (C roug h and Thompson ,

1976a ) indicate that  if hot spots have twice the normal heat f l u x , then

it should take about 100 n .y.  to conduct enough heat into the lithosphere

to l i f t  the Hawaiia n swell to its max imum observed height . From Figure  6

it  can be seen that  the Hawaiian swell actually rises in about 3 n . y .

W i t h  conductive heat t r an s f e r  the only way to decrease this length of time

is to increase the hot spot heat flux . However , the Hawaiian data would

require a hot spot heat flux about 40 times normal , which seems unrea l istic.

At p resent , we o f f e r no resolution of this problem , but we t h i n k  tha t

therma l conduction models are inadequate to explain the uplift rate of

the swell .  As a l te rnative possibilities we suggest tha t ( 1) the thinning

is not a the rmal process but a mechanical one or (2) the thinning is therma l ,

but heat is t ransported convectively, perhaps by intrusion of magma into
t he lower l i thosphere . The latter mechanism has been f requen t l y p r oposed

to explain rift valley uplifts and intracontinental hot spots (Burke and

Wh iteman , 1973) .
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Seismic studies probably offer the best future test of the lithospheric

t h i n ning model. Rayleigh wave phase and group velocit ies increase sys tem—

. i tica lly  as a funct ion  of crustal age (Leeds et al., 1974; Yoshli , 1975;

Forsy th , 1975). If the lithosphere is thin beneath the Hawaiian chain ,

then surface wave veloc ities along the chain should be unusually low, If ,

on the other hand , t he l i thospher e has normal thickness , as the astheno—

spheric bump model predicts , then velocities will be normal.

IMPLICATIONS

While the lithospheric thinning model has been presented to explain

a toll subsidence , the most important implications of this concept con-

cern the nature of hot spots and the thermal and elastic response of the

lithosphere to hot spot related mantle convection . Since the Hawaiian

swell is compensated , lithospher ic thinning must occur over an area com-

parable to its width. This requires the Hawaiian hot spot to be about

1200 km in diameter , which suggests that it is much more than a simple

basalt conduit for surface volcanism . In fact , th e data suggest that

the Hawaiian swell is the main surface expression of the Hawaiian hot spot

and that the volcanoes are not of fundamental tectonic significance.

Volcanoes are not required by the lithospheric thinning model , and indeed ,

the Hawaiian swell still exists along the strike of the chain, ever, where

there are few seamounts. The impressive width of the swell (1000—1400 kin)

supports the view of Wilson (1963) and Morgan (1971) that hot spots are

the result of some deeper mantle process. It is difficult to imagine

that any process confined solely to the lithosphere (like crack propagation)

cou ld produce the necessary width of thinning .

The origins of swells on inidocean ridges (Iceland , Azores , Tristan /

Gough) need to be re—examined to see if the anomalously elevated sea floor 

------- - —
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a~ . -,o fa t ed  with these hot spots is also caused by some change in the

l ithosphere . The bathymetric profiles of Sciater et ai. (1975) across

the Reykjaues Ridge and the aseismic ridge subsidence data cited earlier

(Detrick et al., 1977) both indicate this sea floor subsides at norma l

rates , rema ining shallower than normal sea floor of the same age l ong

after it has left the ridge crest. This is not the expected pattern of

movemen t off an asthenospheric bump .

There has recen tly been much geophysical in terest in iden t if y ing

those surf ace e f f e c ts wh ich may be related to convection patterns in the

upper mantle (Menard , 1973; Anderson et al., 1973; Sclater et al., 1975;

Watts , 1976). Long—wavelength free air gravity anomalies and systematic

reg ional departures from the empirical age—depth relation have been used

in these studies to infer patterns of mass flow in the upper mantle . In

all these studies it is necessary to demonstrate that the observed corre-

lations between long—wavelength gravity anomalies and residual depth

anomalies do not have their origin within the lithosphere before the

cause can be inferred to be convective processes occurring in the astheno—

sphere. The lithospheric thinning model is one mechanism for producing

t hese long—wavelength topographic and gravi ty anomalies from sources

wi th in  the lithosphere. In the case of the Hawaiian swell this model

appea rs to be compatible with available bathymetric and gravi ty  data .

While the mecha n ism of th is  th inning is not unde r stood , it is also

p robably related to mantle  convective processes. However , in t his case

the swell has a li thospheric origin , a nd while it r ef lects t he r espo nse of

the lithosphere to upper mantle convection , it cannot be used direct l y to

in f e r  the extent or pa t te rn  of this convection .

-
-

~
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CONt I.[S IONS

From this stud y of the subsidence history of western Po l f i ;~t 1 l s

.iii d surrounding features we draw the following conclusions:

1. Hot spot generated mid plate island chains like the Hawaiian—

Emperor chain or the Marshall—Gilbert chain have subsided much more thon

would be expected from the normal thermal subsidence of the surronnding

sea Iloor.

2. This excess subsidence probably cannot be explained by isostatic

od justments to the weight of the coral reef cap or the weight of the

v~ lcano .

3. The excess subsidence is apparently reloted to island formation

atop areas of anomalously shallow sea floor , such as the Hawaiian swell ,

associated with midplate hot spots . As this sea floot returns to its

normal depth the islands subside an extra amount equal to the orig inal

h e i g h t  of the swell.

4. The wavelength and amplitude of the long—wavelength gravity

~tnomaly associated with the Hawaiian swell indicate an average depth of

compensation between 50 and 100 km. Thus a significant part of the compen-

sation of the swell occurs within the lithosphere , not within the astheno—

sphere , as would be expected if the swell were supported from below by

some pattern of mantle convection . The compensation nay extend to greater

depths , but most of the density changes appear to occur within the litho-

sphere.

5. Lithospheric thinning over the Hawaiian hot spot is proposed as

a simple mechanism for the origin of the Hawaiian swell. Since the

l ithosphere is denser than the asthenosphere , this thinn ing resu l ts in a

S -~ -~~~
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broad regional isostatic uplift. As the lithosphere moves away from the

ho t spo t , it cools and thickens, and the swell disappears. The subsidence

of the Hawaiian swell and a number of western Pacific atolls is iii

quantitative agreement with this model. The model also satisfies the

- gravity da ta , which appear to require compensation in the lower half of

the lithosphere.

6. We have no satisfactory mechanism to explain the Initial thinning .

I t occurs too rapidly to be explained by conductive heat transfer alone

unless an unrealis tically high hot spot heat flux is assumed . Alternatively,

the thinning may be mechanical rather than thermal or related to magma

intrusion directly in the lower lithosphere.
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APPENDIX A

APPLYING LINEAR TRANSFER FUNCTION TECHNIQUES
TO MARINE GRAVITY DATA

THEORY AND METHOD
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INTRODUCTION

G r a v i t y  a n o m al i e s  can be t rea ted  as r e s u l t i n g  f rom the (onV oluLinn

of an “E a r t h ” f i l t e r  w i t h  the topography . ‘l’hi s f i l t e r  d e f i n es  t h e  r e—

]i t ionshi p between the gravi ty field and topographic variations and thus

c o n ta i n s  I n f o r m a t i o n  on the i sos t at i c  response of’ the  E a r t h  to the

topography . By comparing this filter , or Its transform , the complex

adm itt ance , with models based on different hypotheses of compensation ,

the state of isostasy of the topography can be stud ied .

This is the basic approach involved in applying linear transfer

function techniques to gravity d a t a .  The use of these techniques has

been previously described by Dorman and Lewis ([970) , LewIs and Dorman

(1970), McKenzie and Bowin (1976), Walcott (1976), Watts (in press) and

Cochran and Watts (in press). Similar techniques were used In Chapter 2

to investigate the crustal structure and isostasy of a seismic  r idges .

W h i l e  the basic approach in each of these s tudies  has been the  same ,

several  d i f f e r e n t  method s have been used to c a l c u l a t e  and i n t e r p r e t

this transfer function . Therefore , while information on the theory and

computational procedures involved in apply ing these techniques has been

discussed in the8e earlier studies , this appendix has been written to

serve as a convenient reference for individuals who might want to app ly

these techniques to other geological problems .

THEORY

The basic assumption in applying linear transfer function t e c h n iq u e s

to marine gravity data is that the observed gravity anomalies can be

related to sea floor topography. The first step in apply ing these techniques
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is, therefore , to obta in a f i l ter which pred icts the observed gravity

from the bathymetry. This is a simple convolution operation , which can

be represented schematically by the following block diagram :

Pred icted F. A. Anoma 1~~

1

meters Mgal/meter Mga l

Various methods are available for calculating this filter. One

approach is to minimize , in at least squares sense, the differences be-

tween the desired filter output (in this case the observed free—air

gravi ty  anomaly) and the actual output . This f i l t e r , known as a W iener

f i l t e r , can be easily computed from the autocorre la t ion  c o e f f i c i e n t s  of

the  bathymetry  and gravi ty (Levinson , 1947; Treitel and RobInson , 1966) .

This was the procedure used by McKenzie and Bowin (1976) to compute filters

for two long (- 30001an) profiles across the Mid—Atlantic Ridge.

The computation of the Wiener f i l t e r  is done in the space domain .

In cross—spec tral methods this filter is computed in the wavenumber

(frequency) domain by a simple division of Fourier tranforms . As before

we desire a filter which when convolved with the bathytnetry yields a time

series which resembles the observed free—air gravity anomaly. Since con-

volut ion in the space domain is equivalent to mul t i pl icat ion in the wave—

number domain , this can be expressed as:

B(k) . Z ( k )  = G(k) (1)

wher e B (k) , Z(k) and G(k) are the discrete Fourier transforms of b(x),

1(x) and g(x) and k is wavenumber (k — 2 7r / A ) .  Thus the admi t t ance , Z(k) ,

is simpl y the Four ier transform of gra vity divided by the Fourier t rans —

form of the bathytnetry :
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k _ G CIc) 
2Z

~~~~
_

B(k)  ( )

This is the form of the transfer function used by Dorman and Lewis (1970)

and Lewis and Dorman (1970). However , in the presence of noise a better

estimate of Z(k) is given by McKenzie and Bowin (1976) as:

G(k) .Z(k) = 
B(k) . B(k)* (3)

where * indicates the complex conjugate. In this case the admittance is

the complex cross spectrum of gravity and bathymetry divided by the power

spectrum of the bathymetry. The desired filter is simply the inverse

Fourier transform of the complex admittance.

METHOD

The computational steps involved in applying these cross—spectral

techniques a re relatively simple. The gravity and ba thymetry data

are first selected at equally spaced intervals along track by l inear

interpolation . Mean and trend are then removed and a cosine bell taper

applied to the first and last 5% of each profile before the time series

are Fourier transformed . These Four ier t ransfo rm s ca n be rap id ly and

easily calculated on any digital computer using the Fast Fourier Trans-

form algorithm of Cooley and Tukey (1965). The cross spectrum and power

spectrum are then obtained by a simple multip lication of Fourier transforms .

At this point some type of spectral smoothing is necessary in order

to reduce the noise in this estimate of the admittance. McKenzie and

Bowin (1976) carrIed out ensemble averaging by subdividing their profiles

into a number of shorter profiles of equal length. They then averaged

the spectra for each sub—profile. The problem with this approach is

that it requires very long profiles (-.1000km) which may cross a number

-4
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of d i f f e rent geologica l features .  In Chapter 2 a d i f f e r e n t  approach

was used since we wanted to study a single geological feature. In this

appro ach , which was also used by Watts (in press) and Cochran and Watts

(in press), spect ral smoothing is accomplished by using a sufficiently

large number of relatively short (—300—600 kin) profiles , each of which

represents an independent estimate of the cross spectrum and power spectrum

of gravity and bathymetry. These spectra are summed , and the resulting

averaged spectra are used to obtain a single admittance function for all

the profiles :
1 G

i
(k).Bj(k)*Z(k)  = 

z B
i
(k).B

i
(k)* (4)

where Bj(k) and Cj(k) are the Fourier transforms of bathymetry and

gravity of the ith profile and n is the total number of profiles . An

example of this smoothing process is illustrated in Figure 1. While

the desired filter is actually the inverse Fourier transform of the

admittance , this form of the transfer function is much more usefu l since

the admittance amplitude can be directly related to the results of model

calculations (McKenzie and Bowin, 1976).

In addition to determining the complex admittance , it also is useful

to determine the coherence (McKenzie and Bowin , 1976). The coherence

is a measure of that portion of the power spectrum of the observed gravity

that can be directly attributed to the bathymetry . An estimate of the

coherence is given (Munk and Cartwright , 1966) by:

‘y- 2 (k) (n(cc*/E
~
Eg)..l) (5)

(n—i)

where c — G(k) . B(k)*, EG and EB are the power spectra of gravity and

bathymetry respectively and n is the number of profiles .
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FIGURE 1

Illustration of smoothing effect of averaging spectra from

many p ro f i l e s .  Admittance estimates indicated by open c i r c l e s ,

t r i angles , and solid circles were calculated f r om 2 , 5 , and

14 gravity/bathymetry profiles respectively. A minimum of

5—10 profiles are needed to obtain smooth spectral estimates . 

-_________________________
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The coherence can be used to estimate errors in Individual estimates

the  a d m i t t a n c e  (Watts , in p r e s s ) .  The noise pa ramete r  j ( k )  f o r  an

admittance estimate Z(k) with coherence T
2(k) is (Munk and Cartwr ig t i t ,

1966):

a(k) {(~~(k) 2_l)/2PJ
½ (6)

whe re p is the number of degrees of freedom , taken to be , n , the  number

of gravity and bathymetry profiles used to calculate the admIttance. For

;‘O.25 the standard error of an admittance estimate Z(k) can be ob tained

by assuming a normal probability distribution of sample admittance/true

admittance with standard error a. For higher o the probability distribu-

tion Is not normal and is positively biased (Munk and Cartwright , 1966 ,

Figure 16).

M)MITTANCE MODELS

By comparing the observed admittance with models based on diff erent

h ypotheses  of compensation , informa tion can be obtained on the state of

isosta sy of geological f ea tu res  crossed by the  g r a v i t y  and hathymeery

p r o f i l e s  used to ca lcu la te  the admi t tance .

The simplest model to explain the observed admittance values is to

assume that the free—air gravity anomalies are caused by uncompensated

sea f loor topography (Figure 2a). If the density contrast at the sea

f l o o r  is represented by a layer with a f l a t  lower boundary and an upper

boundary defined by the function b(x), then a well—known linear approx i-

mation to the complete gravity effec t (Parker , 1972) is:

G(k) = 27TI (p _p )B(k)e~~
d ( 7)

where F is the gravitational constant , d is the mean water depth , r~ Is

the density of the crust , P~ 
is the density of sea water and G(k) and
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FIGURE 2

Theoretical admittance curves based on different isostatic

models: A) uncompensated topography , B) Airy model of local

compensa tion , C) elastic plate model of regional compensation

and D) viscoelastic p late model.

-4
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b (k) ire Fourier transforms of gravity and bath ymetry respectivel y. Tric

admittance for uncompensated topograph y is therefore (McKenzie and Bowin ,

1976)

Z(k) = 2iiF(p~~ p)e~~~ (8)

This function is generally a good fit to the observed admittanr

values at r e l a t i v e l y  shor t  wave leng ths  (A<lOO k m ) ; however , as k 0 tIte

observed behavior is quite different (see for examp le F igures 10 and 1]

in Chapter 2). The most obvious explanation for the decrease in the

admittance at long wavelengths is that it is the result of isostatic

compensation , since this will produce long—wavelength topography without

corresponding gravity anomalies .

This compensation can be represented by a second density anoma l y

correspond ing to the c r u s t — m a n t l e  boundary  located at dep t h , t , below

the sea floor. The gravity anomaly observed at the se; surface will be

the sum of these two e f f e c t s :

G (k ) = 27rrp
~

B ( k ) e ’
~
’ - 271F(I)

m
_IJ )Y(k)e

k + t )

2lTFp
t

B (k) e kd
[
l_ (p _p )Y(k)e

kt
}

PtB (k )
where P

t 
= — P~

), 
~m 

is the density of the mantle and Y(k) is the

Fourier transform of the surface , y(x), representing the crust—mantle

interface.

The function y(x) depend s, in genera l, on the surface mass excess

(or loa d ) ,  the rigidity of the lithosphere and the density contrast

between c ru s t  and m a n t le .  I f  the l i t hosphe re  is treated as a thin

el a sti - sheet overl y ing a t l u i d  lay er , then the deflection of the crw~t-

m a n t l e  i n t e r f a c e , y ( x ) ,  is given by the different ial equation ( e .g . ,

W a l c o t t , 1910) :
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DV4y(x)  + (Pm — p~ )gy (x )  = p ( x )  (10)

wher e D is the f l exural r ig idity of the plate = ET3 /12(l—cr 2) with E

as Young ’s modulus , Te as the plate thickness and a as Poisson ’s ra tio.

The load p (x)  = gP~b(x). Here we have assumed the mater ia l  in f il l ing

the deflection has the same density as the load .

Airy Model

In the case of a lithosphere with no elastic strength , D = 0, leav-

ing us with the well—known equation for local isostatic equilibrium by
•

crustal thickening (Airy model), where

,. ., — p~.b(x)— 
—

‘~-‘m Pc

By taking the Fourier transform of equation (11) and substituting into

equation (9) , the admittance for a simple Airy isostatic model is obtained

(McKenzie and Bowin, 1976) :

Z (k) = 2irrp~e~~~ (l_e
_kt
) (12)

The admittance for this model (Figure 2b) decreases toward zero at

wavelengths greater than 200 kin; at shorter wavelengths it asymptotically

approaches the curve representing uncompensated topography . rn Chapter

2 we show that this isostatic model Is a good fit to observed admittance

values for the Ninetyeast and eastern Walvis Ridges implying that these

features are locally compensated by an overthickened crust.

£tastic Plate Model

In the sore general case of a lithosphere with some rigidity, y(x)

•I.r.rmln.d frog solving equation (10). This equation can be

,f ways (Hertz , 1886; Gune , 1943; Nadai, 1963); however ,

a V iurl.r approa ch.  Taking the Fourier transform of
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equation (10) we have:

Dk4Y(k)  -~- (p,~ — p~)gY(k) P(k) (13)

Solving for Y(k), the deflection of the crust—mantle interface:

Y (k) B ( k ) p
~ /(Pm 

— Pc) (14)
(1 + Dk4/g(p~ 

— Pc))

where P(k), the load , has been rewritten in terms of the sea floor

topography P (k) = P~
gB(k). Substituting for Y(k)  in equation (9) we

ob tain the expr ession for the admittance for a plate model of regional

compensation:

Z(k)  = 
G(k ~ = 2irFp e

_
~~{l_ e~~

t (l+ Dk~ )
_l
}B( ) t

= 21rTp
t
e~~~ {l_e

kt
~~(k)} (15)

where •(k) is the flexural response function as defined by Walcott (1976).

As D -
~~~~ , that is as the plate becomes perfectly rig id , q(k) -~O and

Z(k)-.~2irFp e~~~ ind ica ting that the topography is completely uncoinpensated .

As D -
~ 0, 4(k) -‘~l and Z(k)~ 2~Fp te~~~

(l_ e
_kt
) , which is the condi t ion

that the topography is f u l l y  compensated (Airy model) .  In the oceans ,

the  f i e x u r a l  r ig id i ty  is generally in the range 1028 — 1031 dyn— cm

(Walco tt , 1970; Watts and Cochran , 1974; McAdoo et al., in press). In

Figure 2c the  shape of the admit tance curve for  a typ ica l  pla te  model is

shown . The main d i f fe rences  between the Airy and plate models occur

at long wavelengths (A>lOO kin) where the plate model admittance curves

increase much more rapidly and peak at longer wavelengths than the cor-

responding Airy curves.

Equation (15) is, strictly speaking , only a thin plate approxima-

tion valid as long as the wavelength and amplitude of the deformation

are small compared to the effective elastic plate thickness Te. McKenzie

and Bowin (1976) have outlined a procedure for deriving the more general
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th ick plate expression . In Chapter 2 we have used this thick plate

x~~r i~ss f on , mod if led slightly to include another density c o n t ra s t  w i t  l i i  ii

he c r u s t  co r respond ing  to the  l ay e r  2 / l a y e r  3 b o u n d a r y .  The resu Ii lug

admittance (Watts, in press) is:

Z(k) = 2rr(p
2
_p )e

k l_ (e kt
2(p

3
_p
2

)+e kt c (p~~ 1 1
) )

~~~~ ~~~~~~~~ 
_P
~

)Mk 2AB ) }
m m (1 6)

where t2 and p 2 are the thickness and density of layer 2; P3 is the

density of layer 3, tc is the mean crustal thickness; M = E/3gh(P~ — 1.03)

where the elastic plate thickness is 2h; A = { (sinh 2k )/2k }1 — 1 and

B = {(sinh 4k )/4k }2+l where k = kh.*

The obs rved admittance values from the Hawa i [an—Emperor seamount chain

(Watts, in press) ,  from norma l mid—ocean ridge topograph y (McKenz ie and

Bowin , 1976; Cochran and Watts , in press) and from the western Walvis

R idge (Chapter 2) are best fitted by a plate model of compensation .

Viscoelastic Plate Model

Walcott (1970) has proposed that the lithosphere may respond to

sur fac e loads as a viscoelastic substance; tha t is, following &n in itial

period of elastic deformation it responds by viscous flow . The admit-

tance for this type of lithospheric behavior can be easil y obtained .

*The expressions given for Z in equations A16 and A20 o McKenzie

and Bowin (1976) are printed incorrectly. There should he a 2 in the

denominator of the constants at the beginning of both these equations .

The brac keted quantity in their expression for B1 (equation All) should

be squared .
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Walcott (1976) has given the flexural response function for a viscoelastic

plate model:
—T

/ 4 1  )

= ~l— 
Dk’/g(Pm..~ cj 

T~~~l+Dk ig (p m —p ~~) )  
1“ / l+0k4/g(p ~p ) 

e
m c

where T0 is the relaxation time constant and T is the t ime since loading .

D, in this case , is the instantaneous (or Initial) rigidity of the

lithosphere. Substituting this expression for ~~k) into equation (15)

we have the admittance for a viscoelastic plate model :

-kdZ(k) = 2irFp e —Tt 
(l+Dk 4 / g (p  —p ) ) T

(1 —kt 
1 

Dk 4/ g(Pt n—Pc) m c 0
—e — 

1fD k 4 / g (p
~

_p
~

) e )

The effect of viscoelasticity is to increase gradually q (k) with time ,

shifting the peak in the admittance curves to shorter wavelengths (Figure

3d). This reflects the decreasing rigidity of the lithosphere and its

inability to support loads at longer wavelengths without bend ing. Whether

or not oceanic lithosphere behaves viscoelastically depcnds on the re-

laxation time constant T0. Estimates of T0 range from 10~ — IO~ yrs

(Walcott , 1976; Watts , in press), and there is not , as yet , general agree-

ment on the importance of viscoelastic behavior in the oceans. There is,

however , increasing evidence that the range of elastic plate thicknesses

• determined in the oceans is due primarily to the thermal structure of

the lithosphere at the time of loading rather than any viscoelastic

behavior (Watts, in press).
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SUMMARY

The linear transfer function techniques discussed here are a fast and

relatively simple method of analyzing marine gravity data. One major

advantage of these techniques is that they allow a quantitative estimate

of the gravity/bathymetry relationship as a function of wavelength. This

type of estimate is not possible with more conventional methods of gravity

analysis. These cross—spectral techniques are also particularly well—

suited to studying large numbers of gravity and bathymetry profiles across

a single geological feature or from a single geological province.

These techniques represent a significant development aver previous

methods of studying the manner in which the lithosphere responds to

surface loads, and they can provide new and more quantitative information

on the long—term mechanical properties of the lithosphere. It is hoped

that this append ix provides enough information on the theory and applica-

tion of these techniques to be t~seful to anyone wishing to apply cross—

spectral techniques to these or similar problems.
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